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Biogenesis of small nuclear ribonucloceoproteins (snRNPs) is biphasic. 
Small nuclear RNAs (snRNAs) are exported to the cytoplasm for assembly into 
pre-snRNPs where they are hypermethylated, forming a trimethylguanosine 
(TMG) cap, and then transported back into the nucleus via the import adaptor, 
snurportin1 (SPN) and the import receptor importin-β. I have identified CG42303 
as dSNUP, the Drosophila orthologue of human SPN (hSPN). Strikingly, the 
importin-β binding (IBB) domain, which is essential for SPN-mediated snRNP 
import in humans, is not conserved in dSNUP.   
Consistent with the lack of an IBB, dSNUP did not interact with the 
Drosophila importin-β orthologue, Ketel. Despite this fact, dSNUP localized to the 
nucleus, indicating that there is an alternative dSNUP import pathway or that 
dSNUP is imported indirectly through importin-β bound snRNPs. I excluded the 
latter possibility since, in contrast to human cells, snRNPs did not associate with 
importin-β in Drosophila cells. Previous results suggested that hSPN interacts 
indirectly with a known import receptor, importin-7. I tested the possibility that the 
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Drosophila orthologue of importin-7, known as Moleskin (Msk), interacts with 
dSNUP and snRNPs.   
I discovered that Msk physically associates with both dSNUP and U 
snRNPs, while snRNP components failed to bind importin-β. Furthermore, Msk 
null mutant larvae had a significant in vivo reduction of the snRNP component 
survival motor neuron (SMN), and the snRNP specific nuclear Cajal body marker 
coilin. Additionally, Msk null mutants exhibited cytoplasmic accumulation of TMG 
cap signal in the Malpighian tubules, indicating that the import of TMG capped 
snRNAs is inhibited in the absence of Msk. The reduction of SMN protein was 
dramatic enough to be detected by western blotting, suggesting a vital role for 
Msk in the stability of SMN. Interestingly, Msk also localized to snRNP specific 
nuclear Cajal bodies. In sum, these data indicate that importin-β does not play a 
role in snRNP import in Drosophila and implicate a crucial function for Msk in fruit 
fly snRNP biogenesis. Future experiments will be needed to determine the 
precise function of importin-7/Moleskin in both fruit fly and human snRNP 
biogenesis.	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The evolutionary advantage to compartmentalization of eukaryotic cells 
cannot be overstated. Division of the cell into organelles and sub-domains offers 
greater regulatory control of cellular processes than their prokaryotic 
counterparts. Most cellular compartments are surrounded by a lipid membrane 
and are organelles, such as mitochondria, lysosomes, the Golgi apparatus, or the 
cell nucleus. Compartmentalization provides several functions. It increases the 
membrane area without increasing the size of the cell, provides local 
environments that facilitate metabolic functions that may otherwise be inhibited 
by other processes within the cell, and enables the regulation of many key 
processes between various cellular regions. 
The cytoplasm and the nucleus are two major compartments within the 
eukaryotic cell. The nuclear envelope, consisting of a lipid bilayer, separates the 
nuclear and cytoplasmic compartments. The nucleus contains the genomic 
material of the cell. Since prokaryotic cells are not compartmentalized, their 
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genomic material is unregulated, and DNA, RNA, and protein synthesis all occur 
in the cytosol. Unlike, prokaryotic cells, eukaryotic cells must have a means to 
transport molecules across the nuclear envelope for intercompartmental 
communication and regulation of their genomic material.  Nuclear and 
cytoplasmic compartmentalization allows for the uncoupling of nuclear DNA/RNA 
synthesis from cytosolic protein synthesis, which enhances the cell’s regulatory 
capabilities at the transcriptional and translational levels. Examples of this are 
numerous, from transcriptional repressors being sequestered to the cytoplasm to 
enhance a particular gene’s expression to mRNA degradation within the nucleus 
to prevent export and translation in the cytoplasm. 
The high levels of regulation seen in eukaryotic cells are not without 
expense. Eukaryotic cells must invest a substantial amount of energy to properly 
maintain such a complex regulatory and structural system. Often, energy is 
required for the various compartments to communicate. Molecules and 
macromolecules must be transported between compartments to facilitate this 
communication. Importantly, this intercompartmental communication must be 
appropriately regulated to avoid negative consequences for the cell. 
Cellular Transport 
 The fundamental eukaryotic process of macromolecule transport into and 
out of the nucleus is a highly regulated process, involving several factors. 
Numerous transport factors and cofactors regulate the association between 
these transport components and the molecule or cargo being transported. Most 
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importantly, an environment conducive to transport is also needed and is 
provided by nuclear pore complexes (NPCs).   
Macromolecular transport between the nucleus and the cytoplasm is 
routed through NPCs (Figure 1.1). NPCs transport a vast array of molecules 
across the nuclear envelope, including, proteins, mRNAs, tRNAs, ribosomal 
subunits, small nuclear ribonucleoprotein (snRNP) complexes, and even DNA in 
particular instances. The mechanistic complexity of nuclear transport is 
evidenced by the diverse array of molecules transported by NPCs.   
 
 
Figure 1.1. Structure of the nuclear pore complex. The nuclear pore complex 
(NPC) is embedded in the lipid bilayer nuclear envelope.  The NPC is a 
cylindrical structure with a central core transporter that connects the nucleoplasm 
to the cytoplasm. The protein components of the NPC are termed nucleoporins 
(nups). Many nups contain FG repeats, which mediate interactions with 
hydrophobic binding sites on the surface of transport receptor proteins.  
Peripheral NPC structures include the nuclear basket and cage, and cytoplasmic 
filaments. 
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NPCs are large supramolecular structures (~125 MDa in vertebrates) that 
span the nuclear envelope and thus, connect the cytoplasm to the nucleoplasm 
(Figure 1.1); (Stoffler et al, 1999). Vertebrate cells have, on average, 2000 NPCs 
per cell that can individually conduct 1000 translocations per second. The NPC is 
a cylindrical structure embedded in the lipid bilayer and consists of >30 distinct 
protein components called nucleoporins (nups). Many of these nups contain FG 
repeats (phenylalanine-glycine repeats) that are needed to interact with the dual 
α-helical repeats (HEAT repeats) of transport receptor proteins such as importin-
β (Impβ). The NPC also contains several peripheral structures including, the 
nuclear basket and cage, and cytoplasmic filaments. The cytoplasmic ring moiety 
of the NPC has eight cytoplasmic filaments, while the nuclear ring moiety has 
eight tenuous filaments that form a distinct nuclear basket. (Figure 1.1). 
The central pore of the NPC provides an aqueous channel that smaller 
molecules (<40 kDa) can passively diffuse through in an energy independent 
manner. However, the movement of macromolecules (proteins and/or RNAs) is 
typically energy and signal dependent, and mediated by transport receptors 
(Mattaj & Englmeier, 1998); (Gorlich & Kutay, 1999). 
Transport receptors, which are also called karyopherins, recognize 
specific nuclear localization signals (NLSs) and nuclear export signals (NESs). 
NLS-containing proteins bind to either the import receptor, Impβ, directly (e.g. 
ribosomal proteins) or the import adaptor, importin-α (Impα), whose N-terminal 
Impβ binding domain (IBB) binds Impβ. Impβ interacts with components of the 
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NPC, and once in the nucleus, it binds RanGTP, facilitating cargo and/or Impα 
release. When not bound to Impβ, Impα is thought to fold in on itself through 
interactions between its N-terminus and C-terminus, which facilitates cargo 
release into the nucleus (Fried & Kutay, 2003). Impα is then free to form an 
export complex with the cellular apoptosis susceptibility protein (CAS) and 
RanGTP. The Impα/CAS/RanGTP complex and Impβ bound RanGTP are export 
competent, and are recycled back to the cytoplasm through the NPC. Once in the 
cytoplasm, Ran dissociates, allowing Impβ and Impα to participate in additional 
rounds of active transport (Figure 1.2). 
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Figure 1.2. Classical NLS-dependent import. The import adaptor, Impα, binds 
to the NLS of a cargo molecule. Subsequently, Impβ binds to Impα to mediated 
cargo nuclear import through the NPC. Upon nuclear entry, the import complex is 
disassembled following RanGTP binding to Impβ, and CAS/RanGTP binding to 
Impα. These export complexes are then exported to the cytoplasm where they 
are disassembled by RanGTP hydrolysis. 
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RanGTP Gradient 
RanGTP has an asymmetric distribution across the nuclear envelope, 
which is essential for the regulation of nucleocytoplasmic transport. RanGTP is 
enriched in the nucleus, and Ran regulatory proteins maintain the RanGTP 
energy gradient. Ran’s guanine nucleotide exchange factor (RanGEF) is an 
exclusively nuclear, chromatin-associated protein that catalyzes the conversion 
of Ran from its GDP- to GTP-bound form. Ran GTPase activating protein 
(RanGAP) is exclusively cytoplasmic, and stimulates RanGTP hydrolysis.  The 
strict compartmentalization of RanGEF and RanGAP are essential in maintaining 
the RanGTP gradient. The NPC itself provides no directional cues for transport.  
The RanGTP gradient is the sole determinant of the directionality of protein 
transport, proven by the fact that if you reverse the GTP gradient, protein flow is 
inverted (Fried & Kutay, 2003).   
Active transport through the NPC requires energy, typically derived from 
RanGTP hydrolysis, although Ran-independent transport can occur (e.g. 
diffusion). The binding of RanGTP to export receptors (exportins) promotes the 
association of exportins with substrates, and the binding of RanGTP to import 
receptors facilitates cargo release and recycling of the importin for subsequent 
rounds of import. Another example of Ran-independent cargo import is Uridine-
rich small nuclear RNAs (U snRNAs).  
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snRNP Biogenesis 
Uridine-rich small nuclear RNAs (U snRNAs) are non-coding RNAs that 
play many roles in RNA metabolism in the nucleus, most notably in splicing 
(Mattaj et al, 1993); (Tarn & Steitz, 1997). The Sm-class U snRNAs form the core 
components of the spliceosome.  Two distinct classes of spliceosomes exist: the 
‘major’ spliceosome, responsible for >99% of intron splicing in the human 
genome, and the ‘minor’ spliceosome, which removes the remaining <1% of 
introns (Levine & Durbin, 2001). The major spliceosome is comprised of the 
major-class snRNAs U1, U2, U4 and U6, and the minor spliceosome is made up 
of the minor-class snRNAs U11, U12, U4atac and U6atac. The spliceosomal 
snRNA, U5, is a component of both spliceosomes (Patel & Steitz, 2003). The 
major-class snRNAs are ~100 fold more abundant than the minor-class snRNAs, 
consistent with a greater requirement for the major spliceosome (Zieve & 
Sauterer, 1990).    
Small nuclear RNAs of the Sm-class are transcribed by RNA polymerase 
II in the nucleus, undergo 3’ end cleavage by the integrator complex (Int.), and 
acquire a 7-methylguanosine (m7G) cap (Cougot et al, 2004). After 3’ end 
processing, the pre-snRNA is bound by the cap binding complex (CBC); 
(Izaurralde et al, 1995) and transits through Cajal bodies (CBs) where it is 
subsequently bound by the phosphorylated adaptor for RNA export (PHAX); 
(Frey & Matera, 1995); (Frey et al, 1999); (Ohno et al, 2000); (Frey & Matera, 
2001); (Suzuki et al, 2010). PHAX then forms an export complex with the pre-
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snRNA and Xpo1/RanGTP, and transits through the NPC where it is released 






Figure 1.3. Vertebrate snRNA export pathway. U snRNAs are transcribed and 
m7G capped in the nucleoplasm. The 5′ cap is bound by cap binding proteins 
(CBP) 20 and 80, which form the cap binding complex (CBC). Phosphorylated 
PHAX binds the CBC bound snRNA, and an export complex is formed by the 
binding of PHAX to Xpo1/RanGTP. U snRNAs are then exported to the 
cytoplasm where PHAX dephosphorylation and RanGTP hydrolysis promote 
complex disassembly. U snRNAs are then modified in the cytoplasm, resulting in 
import competent snRNP particles. 
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Once in the cytoplasm, the survival motor neuron (SMN) complex 
mediates the assembly of snRNPs by loading seven Sm proteins, SmB/B’, 
SmD1, SmD2, SmD3, SmE, SmF and SmG, onto a conserved motif of the pre-
snRNA called the ‘Sm-site (Meister et al, 2002); (Pellizzoni et al, 2002b); (Yong 
et al, 2004); (Golembe et al, 2005); (Paushkin et al, 2002). This reaction requires 
energy in the form of adenosine triphosphate (ATP). Although the assembly of 
the Sm core onto the snRNA can occur spontaneously and non-specifically in 
vitro, the SMN complex provides specificity and improves the kinetics of this 
reaction (Pellizzoni et al, 2002b). 
 
Figure 1.4. Vertebrate SMN complex. The numbered ovals in the complex 
represent Gemins2-8. Gemins2, 3, 7 and 8 make direct contacts with SMN. 
Unrip is only present in the cytoplasmic SMN complex. Based on Praveen, 
2012. 
 
The SMN complex is a large multimeric complex consisting of eight 
additional proteins: Gemin2, Gemin3, Gemin4, Gemin5, Gemin6, Gemin7, 
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Gemin8 and Unrip  (Baccon et al, 2002); (Carissimi et al, 2006a); (Charroux et al, 
1999); (Charroux et al, 2000); (Grimmler et al, 2005); (Gubitz et al, 2002); 
(Pellizzoni et al, 2002a). Unrip is a cytoplasmic specific member (Figure 1.4). The 
SMN complex serves as a scaffold upon which Sm proteins and snRNA are 
assembled, and this ensures that the Sm proteins only assemble specifically onto 
snRNAs. The role SMN plays in snRNP assembly is crucial, because without Sm 
core assembly, snRNPs are incapable of import, and thus cannot participate in 
active splicing within the nucleus.	   Importantly, all of the proteins of the SMN 
complex are required for snRNP assembly.   
The Sm proteins, SmB, SmD1, and SmD3, contain RG rich C-terminal 
domains. These RG repeats are hypermethylated by the protein arginine 
methyltransferase 5 (PRMT5) complex, consisting of PRMT5, pICln and WD45 
(Mep50); (Brahms et al, 2000); (Brahms et al, 2001); (Friesen et al, 2001); 
(Meister et al, 2001); (Friesen et al, 2002). These methylation marks enhance the 
binding of the Sm proteins to SMN, but are not necessary for the snRNP 
assembly process (Gonsalvez et al, 2008).  
After Sm core assembly, the 3’ end of the pre-snRNA is trimmed by an 
exonulcease (EXO); (Kleinschmidt & Pederson, 1987); (Seipelt et al, 1999); (Will 
& Luhrmann, 2001), and the 5’-end methylguanosine cap structure of the snRNA 
is hypermethylated to form a trimethylguanosine (TMG) cap by 
trimethylguanosine synthase (Tgs1); (Mouaikel et al, 2002); (Verheggen et al, 
2002). SMN is thought to recruit Tgs1 because it physically interacts with SMN 
(Mouaikel et al, 2003), and SMN is present both before and after cap 
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hypermethylation (Narayanan et al, 2002). The TMG cap is bound by the import 
receptor, Snurportin1 (SPN); (Palacios et al, 1997); (Mattaj & De Robertis, 1985); 
(Hamm et al, 1990); (Fischer et al, 1993). Subsequently, Impβ binds SPN and 
imports the partially assembled pre-snRNP, along with the SMN complex, into 
the nucleus (Figure 1.5); (Palacios et al, 1997); (Huber et al, 1998).  
The process of snRNP assembly and import is rapid, taking place in 
approximately one hour as shown by pulse chase (Gonsalvez et al, 2007). Once 
in the nucleus, pre-snRNPs localize to CBs, are released from the SMN complex, 
modified, and bound by other snRNP-specific proteins. Mature snRNPs can then 
be stored in nuclear domains, speckles, or go on to active transcription sites in 
perichromatin fibrils to participate in splicing (Figure 1.5); (Sleeman & Lamond, 
1999).    




Figure 1.5. Vertebrate snRNP biogenesis overview. RNA polymerase II 
transcribes the snRNA gene which then undergoes 3’ end cleavage by the 
integrator complex (Int.) and is bound by the cap binding complex (CBC) and 
PHAX en route to the Cajal body (CB). Xpo1/RanGTP is recruited to export the 
pre-snRNA through the NPC. Once in the cytoplasm, the export complex is 
disassembled, and the SMN complex facilitates assembly of the seven 
membered ring of Sm proteins onto the pre-snRNA. A subset of Sm proteins are 
symmetrically dimethylated by the PRMT5 complex. The 3’ end of the snRNA is 
trimmed by an exonulcease (EXO), and the 7-methyl guanosine (m7G) cap is 
hyper methylated to a trimethylguanosine (m3G;TMG) cap by trimethylguanosine 
synthase (Tgs1). The TMG cap of the snRNA is bound by the import adaptor, 
Snurportin (SPN), and import receptor Importin-β (Impβ).  Subsequently, the pre-
snRNP is imported into the nucleus along with the SMN complex where it 
localizes to the CB. In the CB, the snRNA binds other proteins and acquires 
further modifications before localizing to speckles for storage or to the 
perichromatin fibrils for active splicing.   
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Identification of Snurportin 
NLS-dependent transport is the most well characterized nuclear import 
mechanism, but U snRNPs do not appear to have a classical NLS. In contrast to 
classical NLS-mediated import, U snRNP import does not require Impα. In vitro 
snRNP import assays led to the conclusion that Impβ was necessary for snRNP 
import (Palacios et al, 1997). These studies revealed that Impβ alone was unable 
to support U snRNP import, which suggested that Impβ does not directly 
recognize U snRNPs. This finding indicated that there was an unidentified import 
adaptor that played a vital role in cap-dependent snRNP import.   
The identification of this cap-dependent snRNP import adaptor, Snurportin 
(SPN), was an essential element to our understanding of snRNP nuclear import.  
Prior to SPN identification, we knew that the 5’ TMG caps of U1 and U2 snRNAs 
were required for snRNP nuclear transport in Xenopus oocytes, suggesting that a 
cytoplasmic transport factor that bound to TMG caps was yet to be identified.  
Using this logic, Huber et al. (1998) incubated HeLa cell cytoplasmic lysate with a 
chemically synthesized, radiolabeled TMG cap oligo and then UV-crosslinked 
bound proteins. SDS-PAGE analysis revealed a 45 kDa protein band, which was 
later purified by size exclusion chromatography, followed by affinity 
chromatography using TMG cap oligo. This suspected snRNP import adaptor 
was then microsequenced. Several peptide sequences were identified which 
corresponded with expressed sequence tags (ESTs) of SPN (Huber et al, 1998). 
Subsequent studies showed that TMG caps alone, with no other snRNP 
protein or RNA components, were able to effectively compete for SPN binding.  
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This finding supported the conclusion that SPN was a snRNP specific import 
adaptor, as it specifically bound to the TMG cap. Furthermore, snRNPs lacking 
the 5’ TMG cap did not interfere with SPN binding to TMG cap oligo alone, and 
the addition of SPN significantly accelerated U1 import in both Xenopus laevis 
oocytes and permeabilized HeLa cells. Additionally, they showed that SPN 
contained an N-terminal Impβ binding domain (IBB), which was needed for SPN 
interaction with Impβ (Huber et al, 1998).   
SPN-mediated snRNP Import 
An import complex containing SPN, snRNP cargo, and Impβ facilitates 
snRNP import (Huber et al, 2002). To form this pre-import complex, SPN must 
not only bind to the TMG cap of the snRNP, but also simultaneously bind to 
Impβ. SPN has three functional domains, consisting of an ill-defined Xpo1 
binding region, a centrally located TMG cap-binding domain, and an N-terminal 
IBB motif (Figure 1.6).  
 
Figure 1.6.  Schematic of SPN. A cartoon of SPN indicating the Impβ binding 
domain (IBB; shown in black), and the export receptor (Xpo1; black bar) and 
trimethylguanosine (TMG; shown in gray) cap-binding domains. Based on 
Ospina et al., 2005a. 
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These functional domains were better defined by Ospina et al. (2005a).  
Mutational analysis of SPN revealed specific residues within both the IBB and 
TMG binding domains that are required for SPN function (Ospina et al, 2005a). 
Mutation of a single arginine residue within the IBB domain (R27) of SPN 
disrupted its interaction with Impβ, but preserved its ability to bind to Xpo1 or 
TMG caps. Interestingly, this Impβ binding point mutant is unable to support 
snRNP import, but is able to shuttle between the nucleus and the cytoplasm (the 
reasons for which are discussed under the “snRNP import pathways” section). 
This study also discovered conserved tryptophan residues outside of the IBB that 
are required for TMG binding, and that SPN was capable of nuclear import 
without being bound to snRNP cargo (Ospina et al, 2005a). 
The TMG cap is required for SPN binding, but recent experiments 
combining UV cross-linking with tandem mass-spectrometric analysis have 
identified additional contact sites between U1 snRNP and SPN outside of the 
known TMG cap interactions. Protein-protein and protein-RNA interactions were 
uncovered, which supports the idea that there is a larger interaction area 
between SPN and snRNPs than previously envisioned. SPN was shown to 
interact with Sm proteins B and D3 and stem-loop III of U1 snRNA (Kuhn-
Holsken et al, 2010). These newly identified SPN-snRNP contact sites suggest 
that snRNP import complexes form only when the Sm proteins are bound to the 
cognate Sm site in the snRNA and arranged in the proper orientation.  
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Figure 1.7. Vertebrate SPN-mediated snRNP Import Pathway. The assembly 
of the Sm core onto the snRNA by the SMN complex serves as a signal for  
trimethylguanosine synthase (Tgs1) hypermethylation of the m7G cap. The 
hypermethylated m3G (TMG) cap is specifically recognized by the import adaptor, 
Snurportin (SPN). The import receptor, importin-β, binds to SPN to mediate 
snRNP transport through the NPC. Following import, RanGTP hydrolysis and 
additional unknown factors initiate complex disassembly. SPN and Impβ are then 
shuttled back to the cytoplasm to mediate additional rounds of snRNP import. 
Newly imported snRNPs then undergo additional Cajal body-specific and 
nucleoplasmic modifications to form mature snRNPs. 
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The precise order of the snRNP import complex formation has yet to be 
elucidated, but the Sm core is thought to be needed for proper TMG cap 
formation (Mattaj & Englmeier, 1998); (Luhrmann et al., 1990). We also know 
that TMG capping must precede SPN binding since SPN specifically recognizes 
the TMG cap (Figure 1.7). After SPN binding, it is unclear whether additional 
steps are needed before Impβ binding and cargo import. Furthermore, the SMN 
complex plays a role in import after Sm core assembly (discussed later), but its 
possible that it plays additional roles in the snRNP biogenesis pathway that are 
not fully understood.  
snRNP Import Pathways 
The SPN/TMG cap mediated U snRNP import is the better characterized 
transport pathway, but a TMG cap-independent import mechanism exists as well, 
which also impinges upon the Impβ pathway (Figure 1.7); (Fischer & Luhrmann, 
1990); (Fischer et al, 1993); (Palacios et al, 1997); (Gorlich & Kutay, 1999); 
(Hamm & Mattaj, 1990). U snRNPs have two known NLSs: the TMG cap and the 
Sm core (Figure 1.8). As discussed in the previous section, SPN is the import 
adaptor for the TMG cap NLS, but the import adaptor for the Sm core NLS has 
not been identified. This Sm core pathway provides an explanation for the 
curious finding that the Impβ binding deficient SPN point mutant (R27) was 
capable of nucleocytoplasmic shuttling (Ospina et al, 2005a). The SPN R27 
retains both its Xpo1 and TMG cap binding capabilities. Therefore, SPN R27 
likely gains access to the nucleus through the Sm core pathway via TMG capped 
snRNPs, and can be exported via Xpo1 (Ospina et al, 2005a). 
	   19	  
SMN or a component of the SMN complex is thought to be the import 
adaptor for the Sm core NLS (Narayanan et al, 2002). It has been shown in HeLa 
cells that SMN is present in an import-competent snRNP complex with Impβ in 
vivo. Additionally, GST-tagged SMN can interact directly with His-tagged Impβ 
(Narayanan et al, 2002). These data are consistent with the hypothesis that SMN 
is the Sm core NLS import adaptor. Moreover, in the absence of import 
competent SPN, the SMN complex and Impβ can rescue snRNP import in a 
nuclear transport assay. However, SMN alone with Impβ is not sufficient for TMG 
cap-independent snRNP import (Ospina et al, 2005a). This observation suggests 
that other members of the SMN complex are necessary for the nuclear transport 
of snRNPs using the Sm core NLS import pathway.   
Our understanding of U snRNP import is further complicated by the fact 
that particular U snRNPs possess different import requirements. While the TMG 
cap is required for U1 and U2 snRNA import in oocytes, it is not required in 
somatic cells or for U4 and U5 snRNA import in Xenopus oocytes (Fischer et al, 
1993). The presence of a TMG cap improves the rate of snRNP import in somatic 
cells and oocytes, but is not required for U snRNP import in somatic cells. We 
also know that U1 import in HeLa cells is temperature dependent, saturable, 
dependent upon Sm core assembly, and independent of the TMG cap (Fisher et 
al., 1994). The TMG cap dependence observed in oocyte snRNP import is cell 
specific rather than species specific (Fischer et al, 1994), but we do not know at 
what point in development the TMG cap requirement changes or the factors 
mediating this change. 
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When Xenopus egg extract is supplied to somatic cells, U1 and U2 import 
becomes TMG cap dependent, suggesting that soluble cytosolic factors mediate 
the TMG cap dependence of U1 and U2 import (Marshallsay and Luhrmann, 
1994). The interaction of the U2 snRNP with this cytosolic factor is saturable with 
TMG cap analogs in oocytes, but not HeLa cells (Fischer et al, 1994). Impβ 
depletion from Xenopus egg extract can also significantly inhibit snRNP import, 
suggesting that either Impβ is required for snRNP import or that the unidentified 
cytosolic factor is co-depleted with Impβ. Additionally, we know that over 
expression of an Impβ binding deficient SPN (SPNΔIBB) in Xenopus oocytes 
blocks snRNP import, but not in mammalian somatic cells (Huber et al, 2002).  In 
sum, these results suggest that the SPN-mediated import pathway is required in 
the germline, but not in somatic cells.  
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Figure 1.8. Vertebrate snRNP Import Pathways. Two independent snRNP 
import mechanisms exist in vertebrates, both of which require Impβ. The 
predominant import pathway is mediated by Snurportin (SPN) and requires the 
TMG cap of the snRNA.  This is the only known snRNP import mechanism to 
exist in the germline, but an additional pathway has been shown to function in 
somatic cells. In somatic cells, Impβ can import uncapped snRNPs in the 
absence of SPN through its interaction with the SMN complex. 
 
TMG cap independent import is thought to be due to the direct interaction 
of SMN with Impβ in the cytoplasm, thus serving as an Sm core NLS receptor, 
but SMN has not been conclusively proven to be the import adaptor for the TMG 
cap independent import pathway, since other members of the SMN complex are 
	   22	  
required for SPN-independent import (Narayanan et al, 2002). Recombinant SPN 
and Impβ are necessary and sufficient for U1 snRNP import in permeabilized 
HeLa cells, and this import is Ran independent for U1 and U5 (Huber et al, 
2002). Irrespective of the TMG cap or SPN binding, nuclear import is mediated 
via Impβ in the vertebrate system, and this observation fails to explain why we 
see cell specific differences in snRNP import requirements. 
The difference in U1 and U2 versus U4 and U5 TMG cap dependence is 
not likely to be due to Sm core NLS differences because they compete for the 
same transport receptor, Impβ. It is possible that the structure and size of the 
snRNA accounts for the differences in TMG cap dependence since U1 and U2 
are longer than U4 or U5, although assembled U5 snRNP is much larger (Fischer 
et al, 1994). Understanding how these two pathways function in an in vivo model 
system will help elucidate the significance of the need for two independent 
snRNP import pathways. 
snRNP translocation through the NPC 
We know that single U1 or U5 snRNP import events are both Ran and 
energy independent (Huber et al, 2002). Using in vitro import assays, Huber et al. 
showed that by mutating the SPN IBB to that of Impα, U1 snRNP import became 
Ran dependent, while mutating the IBB of β-galactosidase (normally Ran 
dependent import) to that of SPN allowed Ran independent import (Huber et al, 
2002). This illustrated that the Ran and energy independent nature of single 
round SPN-mediated U1 snRNP import is completely accounted for by the way in 
which Impβ binds to the IBB of SPN. 
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 Neither the translocation of snRNP cargo through the NPC nor its release 
from the nuclear basket is dependent on Ran. The snRNP cargo must be 
released into the nucleoplasm where they can undergo further maturation. 
Disassembly of the snRNP import complex is not fully understood, and the 
factors involved in this disassembly have yet to be identified.  It is not known 
whether Ran is a requirement; however, we do know that the affinity of Impβ for 
SPN is reduced upon binding of RanGTP (Paraskeva et al, 1999). RanGTP 
binding may promote complex disassembly directly or indirectly by destabilizing 
the import complex.   
Nuclear import of SPN is mediated by the N-terminal IBB (residues 1-65), 
and this region alone is necessary and sufficient to promote nuclear import in the 
absence of Ran and energy (Huber et al, 1998); (Huber et al, 2002); (Ospina et 
al, 2005a). Two distinct binding determinants for Impβ were discovered in the IBB 
of SPN.  The bipartite IBB domain of SPN includes a region of homology to Impα 
IBB spanning residues 25-65, and a second region that shows homology to the 
nucleoporin 153 (Nup153) spanning residues 1-24 of SPN (Mitrousis et al, 2008). 
This same region of Nup153 binds to Impβ with high affinity (Bednenko et al, 
2003). In vitro, these two binding regions within the IBB of SPN synergize to 
reduce the nanomolar binding affinity for Impβ (Mitrousis et al, 2008). When 
bound to Impβ, the Nup153 homology region (residues 1-24) of SPN makes 
Impβ more sensitive to RanGTP, which displaces Impβ. Mitrousis et al. 
hypothesized that this promotes the translocation of U snRNPs into the nucleus 
since RanGTP promotes import complex disassembly (Mitrousis et al, 2008).   
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Import Complex Disassembly 
Mitrousis et al. (2008) also found that the Nup153 homology region of 
SPN was needed for Xpo1 binding.  Previous studies suggest that Xpo1 may 
play a role in complex disassembly and that the binding of SPN to Xpo1 and 
snRNP cargo may be mutually exclusive (Paraskeva et al, 1999); (Ospina et al, 
2005a). The 2.9 Å crystal structure of SPN bound to Xpo1 revealed that SPN 
binds to Xpo1 in a bipartite manner through both an amino-terminal leucine-rich 
nuclear export signal (LR-NES) and a nucleotide-binding domain (Dong et al, 
2009b). Like the bipartite IBB of SPN, the bipartite Xpo1 binding region increases 
the affinity of Xpo1 for SPN.  This multipartite nature, combining energetically 
weak and strong epitopes, is also found in nuclear localizations signals. This 
principal is thought to broaden substrate specificity by amplifying signal diversity 
and allows for rapid evolution in nuclear trafficking in both directions (Dong et al, 
2009a). It is likely that in addition to RanGTP hydrolysis, Xpo1 plays a role in 
complex disassembly, but additional unknown factors could initiate complex 
disassembly as well. Whether import complex disassembly is needed for further 
snRNP modifications is undetermined.   
SPN Recycling 
Once SPN transports its snRNP cargo into the nucleoplasm, it must be 
disassembled so that it can be recycled back into the cytoplasm to mediate 
additional rounds of snRNP import. Immediately after the discovery of SPN as 
the snRNP import adaptor, the SPN export receptor, Xpo1, was discovered 
(Paraskeva et al, 1999). Xpo1 is not limited to SPN export, as it can export a 
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variety of proteins containing NESs (e.g. PHAX bound pre-snRNAs, Impβ, etc.). 
Xpo1 binds directly to the leucine-rich NES motif (not clearly defined in SPN), 
where it can then transport its cargo through the NPC into the cytoplasm. SPN 
does not contain a consensus NES, and the region mediating the interaction 
between SPN and Xpo1 has been difficult to determine, even with extensive SPN 
mutational analysis (Ospina et al, 2005a). 
Mutational analysis by Ospina et al. (2005a) uncovered a potential auto-
inhibitory interaction within SPN. The N- and C-terminal domains of SPN were 
found to interact, which suggests that SPN may have an auto-regulatory function 
similar to that of Impα. It is possible that the binding of Impβ or TMG capped 
snRNAs would increase accessibility to snRNP cargo or Impβ, respectively. This 
increased binding capacity would facilitate snRNP biogenesis under conditions 
when snRNP demand is high (e.g. increased transcription). Alternatively, when 
demand for snRNPs is low, this intramolecular interaction could sequester SPN 
molecules via steric hindrance. Additionally, it would prevent SPN from aberrantly 
binding newly imported snRNPs, and enable the regulation of snRNP biogenesis 
through the modulation of import complex formation (Figure 1.9); (Ospina et al, 
2005a). 
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Figure 1.9. Model of Snurportin auto-regulatory snRNP import function. The 
N- and C-terminus of Snurportin has been shown to interact.  This interaction 
could sequester SPN ability to bind to snRNPs or Impβ, effectively disrupting 
snRNP biogenesis. Upon increased demand, the binding of Impβ or snRNP 
cargo might increase access to snRNP cargo or Impβ, respectively. Adapted 
from Ospina et al., 2005a. 
 
This SPN auto-regulatory hypothesis was later supported by the 2.9 Å 
crystal structure of SPN bound by Xpo1. SPN IBB bound by Xpo1 has a very 
different structure compared to the Impβ bound structure (Bhardwaj & Cingolani, 
2010). When bound to Impβ, the C- and N-termini of SPN are predicted to be far 
apart.  When residues 1-16 of SPN IBB are bound to Xpo1, the remaining IBB 
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domain of SPN wraps around the nucleotide binding C-terminus (Dong et al, 
2009a). This is consistent with the idea that intramolecular interactions within the 
C- and N-terminus of SPN while bound to Xpo1 inhibit its ability to aberrantly bind 
TMG caps in the nucleoplasm. 
 
In addition to its role in import complex disassembly, RanGTP also plays 
an essential role in the export and recycling of SPN. Binding of RanGTP to Xpo1 
dramatically increases its affinity for SPN, which facilitates the formation of an 
export competent complex (Paraskeva et al, 1999). The directionality of transport 
is dependent on the RanGTP gradient, and export complex formation is likely to 
only occur in the nucleoplasm where the majority of Ran is in the GTP-bound 
form.   
RanGTP binding increases the affinity of Xpo1 for NESs like the one found 
in SPN. The 2.9 Å crystal structure of SPN-bound to Xpo1 also revealed that little 
conformational change is needed for SPN-bound Xpo1 to bind to RanGTP, which 
explains the high affinity of Xpo1 for the GTPase (Kd~15 nM); (Dong et al, 
2009a); (Paraskeva et al, 1999); (Petosa et al, 2004). Xpo1 substrate affinity was 
further elucidated by Fox et al. (2011). Mutations within the C-terminal helix of 
Xpo1 did not result in large scale changes in Xpo1 conformation, suggesting that 
local electrostatic interactions are mediating the NES affinity of Xpo1. In the 
absence of RanGTP, the Xpo1 NES binding site is in a close conformation, 
facilitating the release of cargo into the cytoplasm (Fox et al, 2011). 
After SPN is transported back into the cytoplasm by Xpo1, the export 
complex must be disassembled so that SPN is free to participate in additional 
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rounds of snRNP import. Disassembly of export complexes is typically catalyzed 
by RanGAP, which hydrolyzes GTP. GTP hydrolysis decreases the substrate 
affinity of Xpo1, and low-affinity substrates are released into the cytoplasm.  
Even after Ran dissociation, high-affinity substrates, like SPN, remain stably 
associated with Xpo1 (Dong et al, 2009a); (Paraskeva et al, 1999); (Engelsma et 
al, 2004). Other factors in the cytoplasm are thought to be needed for complete 
disassembly to occur.  
 The residues in SPN required for TMG cap binding are also needed for 
Xpo1 binding (Huber et al, 1998); (Paraskeva et al, 1999). Therefore, Xpo1 and 
TMG cap binding are mutually exclusive. Additionally, binding of Impβ also 
decreases the affinity of Xpo1 for SPN; so the combination of TMG capped 
snRNPs and Impβ effectively dissociate the export complex once it is in the 
cytoplasm (Dong et al, 2009a). 
Nuclear snRNP Modifications and Cajal Bodies 
 Once snRNPs reach the nucleoplasm, they must be further modified to 
form mature snRNPs that can be assembled into the spliceosome (Yu et al, 
1998). Currently, pseuouridinylation and 2’ O-methylation are the only known 
snRNA modifications after nuclear import (Darzacq et al, 2002); (Jady et al, 
2003); (Richard et al, 2003). These modifications are highly conserved across 
species, and are known to participate in and influence snRNP and spliceosomal 
assembly. snRNPs imported from the cytoplasm first appear in Cajal bodies 
(CBs), suggesting that the final maturation steps take place there, but snRNA 
modifications not exclusively restricted to CBs.  Evidence exists that snRNAs can 
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be modified throughout the nucleoplasm (Zhao et al, 2002); (Deryusheva & Gall, 
2009); (Liu et al, 2009). Even so, CBs can be used as markers of ongoing 
snRNP biogenesis.   
Cajal bodies are a non-membrane bound nuclear suborganelle, and 
historically, they are identified by the presence of coilin (Andrade et al, 1991). In 
addition to coilin, SMN has been shown to localize to CBs. SMN also interacts 
with coilin genetically and physically, but the importance of this interaction has 
yet to be determined (Tucker et al, 2001); (Hebert et al, 2001). The accumulation 
of SMN and other snRNP markers, such as SPN, in CBs has been shown to be 
dependent upon post-translational dimethylation of specific arginine residues 
within coilin (Hebert et al, 2001); (Boisvert et al, 2002). 
Much effort has been focused on understanding the significance of 
nuclear bodies, yet we still do not know the exact function CBs perform in the 
cell. However, we do know that CBs contain high concentrations of factors 
involved in pre-mRNA splicing, ribosome biogenesis, and telomere maintenance	  
(Matera, 1999). Although CBs are not essential structures (Liu et al, 2009), it is 
likely that they facilitate the pre-assembly of factors that carry out these cell 
essential functions.  
CBs are prominent in some cell types, so they are easily identified. 
Ectopic expression of snRNP proteins has been shown to increase CB formation, 
even in cells that do not typically display them (Sleeman & Lamond, 1999). Cells 
highly engaged in transcription and translation require a large abundance of 
snRNPs to carry out pre-mRNA splicing and thus, have more prominent CBs 
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(Shpargel & Matera, 2005). Moreover, disruptions in snRNP biogenesis have 
been shown to break down Cajal bodies (Shpargel & Matera, 2005). The 
dynamic nature of CBs and their close association with ongoing snRNP 
biogenesis make them an excellent marker to study disruptions in snRNP 
biogenesis. 
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Research Objectives 
One of the many distinguishing characteristics of eukaryotes is their ability 
to remove intervening sequences, introns, from pre-messenger RNA (pre-
mRNA). This process is known as splicing and it is critical for proper gene 
function and protein diversity.  In eukaryotic cells, the majority of splicing is 
carried out by the spliceosome.  
The spliceosome is a large dynamic complex consisting of five small 
nuclear (sn) RNAs (U1, U2, U4, U5, and U6) and numerous protein components. 
snRNAs must be assembled with other proteins to form small nuclear 
ribonucleoproteins (snRNPs) before assembly into the spliceosome. snRNPs are 
essential for spliceosome function, so it is important that we understand the 
complexities of snRNP biogenesis.   
The proper targeting of snRNPs to the nucleoplasm is central to snRNP 
biogenesis. snRNP processing is biphasic, where snRNPs are assembled in the 
cytoplasm and then must be imported into the nucleus for their assembly into the 
spliceosome. The transport of large macromolecular molecules such as RNPs is 
a highly regulated process mediated by import factors. snRNPs contain two 
independent import signals. One import signal consists of a 5′ RNA cap structure 
and is bound by the transport adaptor, snurportin1 (SPN). The Sm core serves as 
an alternate import signal and requires the SMN complex. 
These multicomponent signals are specific for RNP import, and it ensures 
that only functional RNPs are imported into the nucleus. The complexity of these 
multicomponent signals is illustrated by the fact that each import pathway is 
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dependent upon the cytosolic factors present in a particular cell type, and various 
U snRNPs have different import requirements. Further studies will be needed to 
fully understand the nature of the Sm core and TMG cap import mechanisms. 
All studies done thus far on snRNP import have been conducted in vitro. 
To fully understand the cell type specific differences we observe, an in vivo 
model of snRNP import is needed. My work is aimed at developing an in vivo 
Drosophila snRNP import model so that it may help us to understand the 
fundamental differences and requirements in these two pathways. 
As a first step toward developing an in vivo model system of snRNP 
nuclear import, I identified and characterized Drosophila Snurportin (dSNUP). 
Like its human counterpart, dSNUP binds to snRNAs and to dSmB and dSMN in 
an RNA dependent manner, and localizes to CBs. Surprisingly, dSNUP lacks an 
IBB and did not bind to Impβ (known as Ketel in flies). Furthermore, Impβ/Ketel 
failed to interact with snRNAs. In an effort to determine the Drosophila snRNP 
import receptor, I discovered that a previously published hSPN interaction with a 
known import receptor, Imp7 (Imp7), is conserved in Drosophila. I show that the 
Imp7 Drosophila ortholog, Moleskin (Msk), interacts with dSNUP and snRNPs 
and can be found in CBs. My work demonstrates a conserved interaction of SPN 
with a known import receptor, Imp7/Msk, that has not previously been associated 
with the snRNP biogenesis pathway. These results implicate a conserved 
function for Imp7/Msk in snRNP biogenesis. 
 
CHAPTER II 
Identification and characterization of Drosophila Snurportin reveals a role 
for the import receptor Moleskin/Importin-7 in snRNP biogenesis1 	  
Overview 
Nuclear import is an essential step in small nuclear ribonucleoprotein 
(snRNP) biogenesis. Snurportin1 (SPN1), the import adaptor, binds to 
trimethylguanosine (TMG) caps on spliceosomal small nuclear RNAs (snRNAs). 
Previous studies indicate that vertebrate snRNP import requires importin-β, the 
transport receptor that binds directly to SPN1. We have identified CG42303/snup 
as the Drosophila orthologue of human snurportin1 (SNUPN). Interestingly, the 
importin-β binding (IBB) domain of SPN1, which is essential for TMG cap-
mediated snRNP import in humans, is not well conserved in flies. Consistent with 
its lack of an IBB domain, we find that Drosophila SNUP (dSNUP) does not 
interact with Ketel/importin-β. Fruit fly snRNPs also fail to bind Ketel, however, 
the importin-7 orthologue, Moleskin (Msk), physically associates with both 
dSNUP and spliceosomal snRNPs and localizes to nuclear Cajal bodies. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Natalizio AH and Matera AG (2013) Identification and characterization of Drosophila Snurportin 	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Strikingly, we find that msk null mutants are depleted of the snRNP assembly 
factor, survival motor neuron (SMN) and the Cajal body marker, coilin is 
disrupted. Consistent with a loss of snRNP import function, long-lived msk larvae 
show an accumulation of TMG cap signal in the cytoplasm. These data 
demonstrate that Ketel/importin-β does not play a significant role in Drosophila 
snRNP import and implicate a crucial function for Msk in snRNP biogenesis. 
INTRODUCTION 
Biogenesis of uridine-rich small nuclear ribonucleoproteins (U snRNPs) is 
biphasic, taking place in two distinct cellular subcompartments (reviewed in 
Matera et al., 2007). Small nuclear RNAs (snRNAs) of the Sm-class are 
transcribed by a specialized form of RNA polymerase II (Hernandez and Weiner, 
1986) and then exported to the cytoplasm for assembly into pre-snRNPs by the 
export adaptor, PHAX (Ohno et al., 2000). Once in the cytoplasm, the survival 
motor neuron (SMN) complex mediates the assembly of the Sm core RNP by 
loading seven Sm proteins onto the snRNA (Meister et al., 2001; Pellizzoni et al., 
2002). 
After Sm core assembly, the 5’-end methylguanosine cap structure of the 
snRNA is hypermethylated to form a trimethylguanosine (TMG) cap by 
trimethylguanosine synthase (Tgs1; Mouaikel et al., 2002), and this modification 
is thought to be a signal for nuclear import (Palacios et al., 1997; Mattaj et al., 
1985; Hamm et al., 1990; Fischer et al., 1993). The partially-assembled snRNPs 
are then transported back into the nucleus via the import adaptor, snurportin1 
(SPN1) and the import receptor, importin-β (Impβ; Huber et al., 1998; Palacios et 
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al., 1997). SPN1 contains two coplanar β-sheets linked by two crossing β-strands 
(Strasser et al., 2005) that selectively bind the TMG cap. Once in the nucleus, 
snRNPs undergo additional maturation steps within the nucleoplasm and/or in 
Cajal bodies (Jady et al., 2003). RNP import is a crucial step in the biogenesis of 
snRNPs, as these factors cannot participate in active splicing without proper 
import into the nucleus. 
U snRNPs do not contain a classical nuclear localization signal (NLS). Instead, U 
snRNP import depends on two non-canonical signals: the TMG cap and the Sm 
core (Fischer et al., 1993; Marshallsay and Luhrmann, 1994).  SPN1 is the import 
adaptor for the TMG cap pathway (Huber et al., 1998), whereas the SMN 
complex (or some component thereof) is thought to function as the import 
adaptor for the Sm core pathway (Narayanan et al., 2004). Thus, bipartite import 
signals are thought to ensure that only functional RNPs are imported into the 
nucleus. 
U snRNP import is complicated by the fact that individual U snRNPs have 
distinct import requirements. Although the TMG cap is required for U1 and U2 
snRNP import in frog oocytes, it is neither required in somatic cells nor for U4 
and U5 snRNPs in oocytes (Fischer et al., 1991; 1993; Wersig et al., 1992). The 
observed TMG cap dependence of snRNP import is cell-type specific rather than 
species specific (Fischer et al., 1994). In digitonin-permeabilized human cells, 
recombinant SPN and Impβ are necessary and sufficient for U1 snRNP import 
(Huber et al., 2002). Moreover, a SPN mutant that is incapable of binding to Impβ  
does not interfere with U1 import via the Sm core dependent pathway (Ospina et 
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al., 2005). These observations show that the two import pathways are redundant 
in vitro, but they fail to elucidate the need for two independent snRNP import 
pathways. An in vivo model system of snRNP import is therefore needed to fully 
dissect the complex nature of this pathway. 
As a first step toward developing an in vivo model system of snRNP 
nuclear import, we identified and characterized Drosophila Snurportin (dSNUP). 
We found that, like its human counterpart, dSNUP binds to snRNAs and to dSmB 
and dSMN in an RNA dependent manner. Surprisingly, dSNUP lacks a 
discernable IBB and fails to bind to Impβ in vivo and in vitro. Furthermore, fruit fly 
Impβ does not interact with snRNAs. We also identified Moleskin (Msk), the 
Drosophila orthologue of the vertebrate transport factor importin-7 (Imp7), as the 
putative snRNP import receptor. Msk localizes to Cajal bodies and physically 
interacts snRNPs. Additionally, we discovered that Msk null mutant larvae display 
a significant accumulation of TMG capped RNAs in the cytoplasm of larval 
Malpighian tubules and reduced levels of snRNP biogenesis markers coilin and 
dSMN. These results demonstrate a novel and conserved interaction between 
Snurportin and Msk/Imp7. Implications for studies of vertebrate nuclear import 
are discussed.	  
RESULTS 
Identification and Characterization of Drosophila Snurportin 
Bioinformatic analysis of the Drosophila genome predicts that the fruit fly 
orthologue of human Snurportin1 maps to the computed gene locus 
CG42303/CG42304, near band position 62E on chromosome 3L. The current 
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FlyBase gene model predicts the existence of a dicistronic transcript with two 
non-overlapping open reading frames (ORFs) present within CG42303. RT-PCR 
and 5'-RACE data from the modEncode project (Sue Celniker Lab; 
http://www.modencode.org/celniker/) support the existence of two transcription 
start sites (Figure 2.1A), one for each ORF. 
 
 
Figure 2.1.  CG42303 is the Drosophila Snurportin orthologue. (A) Cartoon of 
bicistronic transcripts predicted from dSNUP/DNTTIP1 locus. Translated regions 
are shown in black and untranslated regions in gray. Black bars indicate regions 
targeted by dsRNAs or dSPN antibodies. (B) Alignment of N-termini of SPN 
orthologues. The IBB of hSPN is defined as amino acid residues 26–65, based 
on similarity with the IBB of importin-α (Huber et al., 1998).  Homo sapiens, 
Xenopus laevis, Caenorhabditis elegans, and Drosophila melanogaster SPN 
proteins are aligned, with identities in dark gray and similarities in light gray. 
Asterisk indicates human residue R27, mutation of which abolishes importin-β 
binding (Ospina et al., 2005). 
 
The protein predicted by CG42303 is encoded by a single exon and is 
35% identical to SPN1. The CG42304 protein product is also highly similar (37% 
identity) to the human terminal deoxynucleotidyltransferase interacting factor 1 
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(TdIF1 or DNTTIP1), which binds and negatively regulates the activity of terminal 
deoxynucleotidyltransferase (Kubota et al., 2007). This same genetic architecture 
exists in all other sequenced Drosophilid genomes, but is not conserved in 
Anopheles gambiae, Apis mellifera, or Caenorhabditis elegans, as SPN1 and 
DNTTIP1 homologs are unlinked in these organisms. These data suggest that 
the two genes have become linked sometime after the Drosophila radiation from 
other Diptera such as Anopheles or Apis. 
Alignment of CG42303 with human SPN1 reveals extensive similarity 
throughout the length of the two sequences, especially within the TMG cap-
binding domain (Huber et al., 1998; Strasser et al., 2005; Ospina et al., 2005, 
and data not shown). Perhaps the most striking feature is that critical residues 
known to interact with Impβ in the N-terminal region of human SPN1 are missing 
from the putative fruit fly protein (Figure 2.1B; Ospina et al., 2005). Human SPN1 
encodes a 360 aa protein of 43 kDa molecular weight; the SPN1-like ORF in 
CG42303 is predicted to generate a protein of 351 aa and 42 kDa. Using 
bacterially expressed protein targeting the upstream ORF in CG42303, we 
generated two polyclonal antibodies (one in rabbit, one in guinea pig) and tested 
them by western blotting. As shown in Figure 2.2A (lane 1), the rabbit antiserum 
recognizes a prominent 42 kDa band, along with three other minor polypeptides. 
The guinea pig antiserum does not recognize endogenous snurportin in 
westerns, but does detect recombinant and exogenously expressed fly 
snurportin; it also works in other assays (see below). 
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Previous gene models had suggested different architectural scenarios for 
CG42303 and CG42304. One model posited the existence of two completely 
separate transcripts (CG1247, CG1248), whereas the other (CG32297) 
suggested there is a single mRNA that generates a fused ORF encoding a 
predicted protein of ~100 kDa. To examine the specificity of our antibody and to 
test the various gene models, we designed double stranded RNAs targeted 
against putative exons 1 and 3 of CG42303 (Figure 2.1A). RNA interference 
(RNAi) analysis in Drosophila Schneider 2 (S2) cells shows that the 42 kDa band 
is specifically depleted by dsRNAs targeting either exon 1 or exon 3 (Figure 
2.2A). This result supports the prediction that the CG42303 transcript contains a 
relatively long 3' flanking region, and shows that the 90 kDa band on the western 
is not a fused SPN1/DNTTIP1-like chimeric protein. We conclude that the exonic 
organization in the CG42303 gene model is correct. The mRNA encoding the 
downstream CG42304 protein product is thus likely to originate from an 
alternative transcription start site (Figure 2.1A). 
The CG42303 protein product is expressed during all stages of 
development, most prominently in embryos (Figure 2.2B). We found that 
although it does not work well for detection of endogenous dSNUP by western 
blotting, guinea pig anti-dSNUP was functional in immunoprecipitation assays, as 
shown in Figure 2.2D. Using GST-pulldowns and co-immunoprecipitation assays 
from S2 cell cytoplasmic lysates, we show that CG42303 interacts with both RNA 
and protein components of snRNPs, as well as with the snRNP biogenesis 
factor, dSMN (Figures 2.2C and D). Furthermore, RNase treatment of the S2 
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lysate abolishes these protein interactions, demonstrating that they are RNA-
dependent (Figure 2.2E). These results provide strong evidence that CG42303 is 




Figure 2.2. Drosophila Snurportin interacts with snRNPs. (A) dSNUP RNAi. 
Predicted 42 kDa band recognized by dSNUP rabbit antibody is specifically 
knocked down by dsRNAs targeting dSNUP Exons 1 or 3 in S2 cell culture. (B) 
Developmental Western Blot. dSNUP is expressed at all Drosophila 
developmental stages. (C) GST IP-Northern Blot. Bacterially purified GST-
dSNUP interacts with U1, U2, and U4 snRNAs from S2 cell cytoplasmic lysate. 
(D) dSNUP Guinea pig IP. Guinea pig dSNUP antibody co-immunoprecipitates 
dSMN and dSmB in S2 cell cytoplasmic lysate. (E) RNase dSNUP Guinea pig IP. 
RNase treatment of cytoplasmic S2 lysate abolishes interaction of dSNUP with 
dSmB and dSMN. 
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abbreviations for the Spinophilin gene (Spn) and the spindle gene family (spn-A, 
spn-B, etc.) in Drosophila, we decided to designate the CG42303 gene as 
Snurportin (Snup). 
Previously, we showed that human SPN1 primarily localizes to the 
cytoplasm, concentrating around the nuclear periphery and sometimes in nuclear 
Cajal bodies (Narayanan et al., 2002; Ospina et al., 2005). Using the UAS-Gal4 
system (Brand and Perrimon, 1993), we expressed Venus Fluorescent Protein 
(VFP) tagged dSNUP in transgenic flies and analyzed its localization by 
fluorescence microscopy. Using a variety of Gal4 drivers, we find that VFP-
dSNUP localizes to the nucleus and the cytoplasm, with a pronounced 
accumulation at the nuclear periphery (Figure 2.3A). Notably, VFP-dSNUP 
localizes to snRNP-rich structures that co-stain with anti-dSmB in the oocyte 
germinal vesicle (Figure 2.3B) and in the nurse cell cytoplasm, where it 
accumulates in U bodies (Liu et al., 2007) identified by anti-dSMN (Figure 2.3C). 
Additionally, dSNUP enrichment in U bodies was also confirmed in the follicle cell 
cytoplasm of egg chambers, visualized by anti-dSmB (Figure 2.3D). In larval 
Malpighian tubules, VFP-dSNUP frequently localizes to Cajal bodies (Figure 
2.3A). This localization pattern is similar to that of human SPN mutants that 
contain deletions or substitutions in the IBB domain (Narayanan et al., 2002; 
Ospina et al., 2005). We therefore decided to examine the interaction between 
dSNUP and Ketel/Impβ. 
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Figure 2.3. Localization of dSNUP. (A) Immunofluorescence with dSmB (Y12) 
antibody in Malpighian tubules expressing VFP-dSNUP driven by tubulin-Gal4. 
dSNUP localizes primarily to the nucleus with a relatively pronounced staining of 
the nuclear periphery and can be found in nuclear foci that are often Cajal bodies 
(marked by arrows). (B) Immunofluorescence with dSmB (Y12) in egg chambers 
expressing VFP-dSNUP driven by nanos-Gal4. VFP-dSNUP is enriched in the 
germinal vesicle (marked by arrow). (C) Immunofluorescence with dSMN 
antibody in egg chambers expressing VFP-dSNUP driven by nanos Gal4. VFP-
dSNUP is enriched in U bodies visualized with dSMN antibody (marked by 
arrow). (D) Immunofluorescence with dSmB (Y12) and dSNUP Guinea pig 
antibodies in egg chambers. dSNUP is enriched in U bodies of follicle cells. 
Image in (D) kindly provided by Zhipeng Lu. Scale bars, 10 µm. 
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Drosophila snRNP import is importin-β independent 
Studies in vertebrates show that SPN1 interacts with Impβ, and that this 
interaction is mediated via the IBB domain (Huber et al., 1998; Huber et al., 
2002; Bhardwaj and Cingolani, 2010). The bipartite IBB of SPN1 is contained 
within residues 1-65 (Mitrousis et al., 2008), and crystal structures reveal that 
residues 1-16 also contain a nuclear export signal (NES) recognized by the 
export receptor, Xpo1/Crm1 (Monecke et al., 2009; Dong et al., 2009b). 
Sequence analysis indicates that dSNUP lacks important residues in the IBB 
(Figure 2.1B; Huber et al., 2002; Ospina et al., 2005; Mitrousis et al., 2008) 
suggesting that it might not bind to Impβ. Specifically, a highly conserved 
arginine residue, mutation of which disrupts the interaction of SPN1 with Impβ 
(Ospina et al., 2005), is not conserved in dSNUP (Figure 2.1B, asterisk). In the 
absence of an IBB, dSNUP could potentially interact with Ketel/Impβ indirectly 
through the Sm core (Fischer et al., 1993). Human SPN1 also forms a pre-import 
snRNP complex with SMN (Narayanan et al., 2002). To enrich for import 
competent assemblies, cytoplasmic extracts were used to carry out 
immunoprecipitation and pull down assays. As a positive control for co-
immunoprecipitation, we show that, like its human counterpart, dSNUP forms a 
complex with dSMN (Figure 2.4A). However, consistent with its lack of an 
apparent IBB domain, dSNUP fails to co-immunoprecipitate Ketel/Impβ (Figure 
2.4A). 
 




Figure 2.4.Ketel/Impβ  does not interact with Drosophila snRNPs. (A) Anti-
dSNUP Guinea pig IP Western Blot. dSNUP guinea pig antibody does not co-
immunoprecipitate Ketel from cytoplasmic S2 cell lysate. (B) Flag conjugated 
beads IP-Western Blot. Transfected flag tagged proteins -hSPN and –hIBB-
dSNUP, but not -dSNUP, co-immunoprecipitate GFP-Ketel in S2 cell cytoplasmic 
lysate. The amounts of flag-tagged proteins immunoprecipitated are shown with 
anti-flag (lower panel). (C) GFP IP-Northern Blot. Transfected GFP-dSNUP co-
immunoprecipitates snRNAs U2, U1, and U4, but GFP-Ketel does not from S2 
cell cytoplasmic lysate. The amounts of GFP-tagged proteins immunoprecipitated 
are shown with anti-GFP (lower panel). 
 
We also found that Ketel is capable of interacting with an IBB domain by 
transfecting S2 cells with various Flag-tagged constructs and co-expressing them 
with GFP-Ketel.  As shown in Figure 2.4B, Flag-tagged human SPN1 (Flag-
hSPN) or human SPN1 IBB domain fused to the TMG cap-binding domain of 
dSNUP (Flag-hIBB-dSNUP) co-immunoprecipitate GFP-Ketel, whereas the 
empty Flag vector (negative control) and Flag-dSNUP do not. Finally, we tested 
whether Ketel interacts with snRNAs. Immunoprecipitation analysis, followed by 
northern blotting, showed that while GFP-dSNUP co-immunoprecipitated U1, U2, 
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and U4 snRNAs (Figure 2.4C), GFP-Ketel failed to do so. Thus, neither the RNA 
nor the protein components of snRNPs interact with Ketel in Drosophila. Taken 
together with the fact that we were unable to detect Ketel in a complex with 
dSNUP, these experiments strongly support the interpretation that Ketel does not 
serve as the snRNP import receptor in Drosophila cells. 
Moleskin/Importin-7 interacts with snRNPs and Snurportin 
The failure of Ketel/Impβ to associate with either dSNUP or with snRNAs 
suggests the involvement of another import factor. Because splicing is a cell 
essential function, we reasoned that potential snRNP import receptors must not 
only be ubiquitously expressed but also should be able to function independent 
of Impβ. Interestingly, Paraskeva et al. (1999) originally showed that epitope-
tagged human SPN1 co-purifies with three major proteins: Impβ, the export 
receptor CRM1, and the transport factor Imp7. The authors went on to show that 
CRM1 functions as the cytoplasmic recycling factor for SPN1 once it deposits its 
cargo in the nucleus (Paraskeva et al., 1999). However, the interaction between 
SPN1 and Imp7 was thought to be indirect due to the fact that Imp7 (formerly 
RanBP7) was shown to heterodimerize with Impβ (Gorlich et al., 1997). However, 
Imp7 also binds directly to the nuclear pore complex (Gorlich et al., 1997) and 
can transport cargoes independently (Jakel and Gorlich, 1998), thus satisfying an 
important criterion noted above. 
The Drosophila Imp7 homolog (Moleskin, Msk) is 53% identical to the 
human protein, and was identified in a dominant suppressor screen for wing 
blisters caused by the mis-expression of αPS integrin (Baker et al., 2002). All of 
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the alleles that were discovered in this suppression screen (msk2, msk4, msk5) 
are late embryonic or larval lethal. It is interesting to note that although msk and 
ketel are both essential genes, there are cell types in which Ketel expression is 
very low (Flybase; Lippai et al., 2000). On the other hand, Msk is ubiquitously 
expressed (FlyBase), satisfying the other aforementioned criterion. Thus it is 
possible that Msk/Imp7 plays a more direct role in snRNP import than previously 
imagined. 
To investigate whether Imp7/Msk forms complexes with snRNP 
biogenesis markers, we carried out co-immunoprecipitation analyses. As shown 
in Figure 2.5A, anti-dSNUP co-precipitates Msk; dSMN and Ketel are shown as 
positive and negative controls, respectively. S2 cells transfected with various 
GFP-tagged constructs also co-precipitated Msk. Figure 2.5B shows that Msk 
interacts with GFP-dSNUP, -dSMN and -dSmB. GFP-Msk also co-precipitated 
with U1, U2, and U4 snRNAs as shown in Figure 2.5C. Additionally, RanQ69L (a 
Ran mutant that is unable to hydrolyze bound GTP; Bischoff et al., 1994) disrupts 
the interaction of flag-dSNUP with Msk (Figure 2.5D). This interaction is also 
dependent upon RNA, as RNase treatment of cytoplasmic lysate abolishes 
binding of endogenous Msk to GFP-dSNUP and reduces Msk binding to GFP-
dSMN (Figure 2.5E). These results clearly demonstrate that Msk can physically 
interact with snRNPs, and that Msk interacts with dSNUP in a Ran- and RNA-
dependent manner. 




Figure 2.5. Moleskin interacts with Drosophila snRNPs. (A) dSNUP Guinea 
pig IP Western Blot. dSNUP Guinea pig antibody co-immunoprecipitates Msk, 
but not Ketel from S2 cell cytoplasmic lysate. (B) GFP IP Western Blot. Msk co-
immunoprecipitates with transfected GFP-dSMN, GFP-dSmB, and GFP-dSNUP 
from S2 cell cytoplasmic lysate. (C) Anti-GFP IP Northern Blot. Major U snRNAs 
U1, U1, and U4 co-immunoprecipitate with GFP-Msk and GFP-dSNUP, but not 
GFP-Ketel. (D) Anti-flag IP Western Blot. Transfected flag-dSNUP co-
immunoprecipitates Msk in the absence of RanQL. This interaction is disrupted 
by the addition of RanQL. Non-conjugated protein A beads serves as negative 
control IP (–). (E) RNase anti-GFP IP Western Blot. RNase treatment of 
cytoplasmic S2 lysate abolishes interaction of transfected GFP-dSNUP and GFP-
dSMN with endogenous Msk. 
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Moleskin/Importin-7 localizes to snRNP-rich structures in the nucleus 
As a nucleocytoplasmic transport factor, Msk shuttles from the cytoplasm 
to the nucleus. As such, previous investigations had shown that the subcellular 
localization of Msk (a.k.a. DIM-7) is dynamic; in certain cells the protein was 
primarily found in the cytoplasm whereas in others it was predominantly nuclear 
(Lorenzen et al., 2001; James et al., 2007). Given that Msk forms complexes with 
snRNP components and biogenesis factors, we carried out immunofluorescence 
analyses in Drosophila larval and adult tissues. Msk is primarily cytoplasmic 
within the egg chambers of the ovary (Figure 2.6A), but both nurse and follicle 
cell nuclei remain largely unstained. However, Msk also shows prominent 
localization to the nurse cell nuclear periphery and to bright foci within the oocyte 
germinal vesicle (Figure 2.6A).  
In mammalian cells, Cajal bodies are the first detectable sites of nuclear 
accumulation of newly imported snRNPs (Sleeman et al., 1999). Given the 
interaction data described above, we suspected that these Msk-positive nuclear 
foci were Cajal bodies. Indeed, co-staining for Sm proteins and other Cajal body 
markers demonstrates that the foci correspond to Cajal bodies (Figure 2.6 and 
data not shown). Note that the oocyte nucleoplasm typically does not stain 
uniformly with DAPI, only the karyosome is well-stained (Liu et al., 2006a). Within 
the germinal vesicle, Cajal bodies can often be found proximal to the karyosome 
(Figure 2.6B) although they can also be distally located (Figure 2.6A). Due to 
their relative prominence within larval Malpighian tubule nuclei, Cajal bodies are 
perhaps best visualized in this tissue (Liu et al., 2006b).  
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Figure 2.6. Moleskin is enriched in Cajal bodies. (A) Immunofluorescence in 
egg chambers with Msk antibody. Msk is enriched in the germinal vesicle 
(marked by arrow). (B) Immunofluorescence in egg chambers with dSmB and 
Msk antibodies. Msk is enriched in the germinal vesicle (marked by arrow). (C) 
Immunofluorescence in Malpighian tubules with dSmB and Msk antibodies. Msk 
is enriched in Cajal bodies of Malpighian tubules. (D) Immunofluorescence in S2 
cells with coilin and Msk antibodies. Msk is enriched in Cajal bodies of S2 cells. 
Scale bars, 10 µm. 
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In Malpighian tubules (Figure 2.6C), we found that Msk is primarily 
nucleoplasmic and accumulates in bright nuclear foci. The bright Msk foci 
colocalize with the snRNP core component, dSmB (Figure 2.6C) or coilin (not 
shown). In S2 cell cultures, only a fraction of the cells display Cajal bodies. 
However, whenever we observed the bright nuclear foci that stained with anti-
Msk, they invariably also stained positive for coilin, the Cajal body marker protein 
(Figure 2.6D). These results provide strong support for the notion that Msk is 
involved in import of Sm-class snRNPs.  
Moleskin depletion disrupts snRNP biogenesis and import 
RNA interference (RNAi) analysis in S2 cells using dsRNAs targeting Msk 
revealed that Cajal bodies were disrupted by Msk depletion (data not shown). 
This finding is consistent with previous results showing that Cajal body 
homeostasis requires ongoing snRNP biogenesis (Shpargel and Matera, 2005; 
Lemm et al., 2006). However, because U snRNPs are extremely stable 
complexes, with half-lives on the order of 3-5 days (Sauterer et al., 1988), this 
analysis was not terribly informative with regard to snRNP phenotypes. We 
therefore obtained a presumptive msk null mutant from the Bloomington stock 
center (msk–/–), which contains a piggyback transposon insertion in exon 1. We 
confirmed that this allele is indeed a null by western blotting, demonstrating the 
absence of Msk protein in homozygous mutant larvae (Figure 2.7A). Moleskin 
null mutants are larval lethals (Lorenzen et al., 2001); a small fraction of mutant 
larvae survive greater than 10 days, but they do not develop past the second 
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instar. The extended survival of msk mutants suggests that, like Ketel protein 





Figure 2.7. Moleskin mutant characterization. (A-C) Western Blot of 2nd instar 
larvae. (A) msk–/– larvae have significantly reduced Msk protein levels. (B) 
Ketelnull/– larvae have WT levels of Msk. UAS-msk driven by armadillo-Gal4 in the 
msk–/– background show recovery of Msk protein. (C) msk–/– larvae have 
significantly reduced levels of dSMN, which can be recovered by UAS-msk 
driven by armadillo-Gal4. (D) Western Blot of 1st instar larvae. msk–/– larvae have 
significantly reduced levels of dSMN and coilin by day 1 post egg laying. (E) 
Western Blot of 2nd instar larvae. UAS-flag-dSMN driven by armadillo-Gal4 in the 
msk–/– background show flag-dSMN expression. Long and short exposures (top 
two panels) of the anti-dSMN blot are shown. As described previously (Shpargel 
et al., 2009), we note that ectopic expression of epitope-tagged dSMN results in 
stabilization of endogenous dSMN, due to its preferential incorporation into the 
SMN complex. 
 
To determine if there are snRNP specific phenotypes associated with loss 
of Msk, we carried out immunofluorescence with anti-TMG cap antibodies. Wild-
type, Ketelnull/–, and UAS-msk transgenic rescue animals were used as controls. 
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Moleskin mutants displayed a slight, but reproducible, cytoplasmic TMG 
accumulation in the Malpighian tubules (Figure 2.8), suggesting a disruption in 
snRNP import and/or biogenesis. This accumulation was not simply due to the 
developmental arrest, as Ketelnull/– mutants do not display this phenotype, and 
expression of UAS-msk rescues it (Figure 2.8).  
 
Figure 2.8. Moleskin null mutant Malpighian tubules display TMG cap 
cytoplasmic accumulation. Immunofluorescence in 2nd instar larvae. Long lived 
msk–/– larvae show cytoplasmic accumulation of TMG in Malpighian tubules while 
similar long lived larvae Ketelnull/– larvae do not. UAS-msk driven by armadillo-
Gal4 in the msk–/– background partially rescues cytoplasmic TMG phenotype. 
Scale bars, 10 µm. 
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In an effort to bypass the Msk dependence of this observed snRNP import 
defect, we generated transgenic flies expressing VFP-dSNUP or VFP-hIBB-
dSNUP from UAS promoters. Because we had previously shown that hIBB-
dSNUP forms a complex with Ketel (Figure 2.4B), we hypothesized that its 
expression might rescue snRNP import in Malpighian tubules. We therefore 
expressed these transgenes in both wild-type and msk–/– backgrounds. Using 
either a ubiquitous tubulin-Gal4 driver or a gut-specific Malpighian tubule driver, 
we found that expression of VFP-hIBB-dSNUP was dominantly lethal in both 
backgrounds. It is unlikely that the dominant negative phenotype of the hIBB-
dSNUP construct is due to VFP-tagging because expression of the control VFP-
dSNUP construct had no such dominant effects and was able to rescue dSNUP 
RNAi (not shown). The dominant lethality of the hIBB-dSNUP fusion precluded 
us from testing whether targeting dSNUP to an alternative nuclear import 
receptor pathway (in this case Ketel) might alleviate the apparent block to snRNP 
import.   
We therefore conducted immunofluorescence with anti-dSMN and anti-
coilin antibodies in control and msk mutant larvae. Confirming the results noted 
above for S2 cells, we found that in the Malpighian tubules of msk mutants, 
dSMN and coilin staining was dramatically reduced and Cajal bodies were 
disrupted (Figure 2.9). Staining for both dSMN and Cajal bodies (anti-coilin) was 
restored upon expression of (untagged) Msk using a UAS-msk transgene (Figure 
2.9). As shown in Figure 2.7B, the loss of dSMN is fairly extensive, as it can be 
detected by western blotting using total larval lysates. Importantly, the expression 
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of UAS-msk transgene partially rescues both Msk and dSMN expression (Figure 
2.7B and C), as well as development of the organism beyond larval stages 
(Lorenzen et al., 2001; this work). Additionally coilin and dSMN reduction is 
detectable by day one post egg laying (Figure 2.7D). Thus, Msk is required for 
the stability of dSMN and coilin.  
 
 
Figure 2.9. Coilin and dSMN are reduced in Moleskin mutant Malpighian 
tubules. Immunofluorescence in 2nd instar larvae. Long lived msk–/– larvae have 
reduced dSMN and Cajal bodies (anti-coilin) in Malpighian tubules while similar 
long lived Ketelnull/– larvae do not. UAS-msk driven by armadillo-Gal4 in the msk–
/– background show recovery of both coilin and dSMN (UAS-msk; msk–/–). Scale 
bars, 10 µm. 
 




Figure 2.10. Over expression of flag-dSMN does not rescue Coilin and 
dSMN reduction in Moleskin mutant Malpighian tubules. 
Immunofluorescence in 2nd instar larvae. Long lived msk–/– larvae have reduced 
dSMN and Cajal bodies (anti-coilin) in Malpighian tubules compared to WT. UAS-
msk driven by armadillo-Gal4 in the msk–/– background show recovery of both 
coilin and dSMN (UAS-msk; msk–/–). UAS-flag-dSMN driven by armadillo-Gal4 in 
the msk–/– background fails to rescue coilin or dSMN (UAS-flag-dSMN; msk–/–). 
Scale bars, 20 µm. 
 
SMN plays a crucial role in snRNP biogenesis, and its depletion has been 
shown to disrupt Cajal bodies in HeLa cells (Shpargel and Matera, 2005). 
Therefore, the significant reduction of dSMN in msk mutant larvae could be 
responsible for the Cajal body and TMG cap phenotypes. To investigate this 
possibility, we overexpressed flag-tagged dSMN in the Msk mutant background 
(Figure 2.7E). Overexpression of flag-dSMN failed to rescue organismal viability, 
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Cajal body disruption or cytoplasmic TMG cap localization (Figure 2.10). 
Therefore, Msk function in vivo is not limited to the stabilization of dSMN. Taken 
together with the subcellular localization and biochemical interaction analyses 
described above, these genetic results provide strong evidence linking Msk to a 
role in snRNP biogenesis.  
DISCUSSION 
Vertebrate Imp7 and Impβ form an abundant heterodimeric complex 
(Gorlich et al., 1997). Because Impβ is entirely sufficient for snRNP import in vitro 
and in Xenopus oocytes (Huber et al., 1998; Palacios et al., 1997), it was 
assumed that the co-purification of Imp7 with SPN1 in HeLa cells was simply an 
indirect consequence of its interaction with Impβ (Paraskeva et al., 1999). In this 
study, we show that dSNUP is the Drosophila orthologue of human SPN1 and 
provide convincing evidence that it fails to bind Ketel/Impβ in vitro and in vivo.  
Our results strongly favor the interpretation that Drosophila snRNP import utilizes 
the import receptor Msk/Imp7 in place of Ketel/Impβ. Thus, the physical 
interaction between Imp7/Msk and SPN1/dSNUP is conserved in both humans 
and Drosophila, raising the question of whether Imp7 might play a previously 
unrecognized role in vertebrate snRNP import. 
In mammalian cells, Imp7 has been shown to function as an import 
receptor for various protein cargoes, independent from its role as an adaptor for 
Impβ (Jakel et al., 1999; Freedman et al., 2004). Thus, it is possible that Imp7 
plays a similar role in the snRNP import pathway in mammals. Previous results 
from our lab show that SMN can bind directly to Impβ in vitro, and that purified 
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SMN complexes are required for SPN1 independent snRNP import (Narayanan 
et al., 2004).  However, the precise identity of the import adaptor for the Sm-core 
mediated import pathway is not known. Whether or not the Impβ binding site of 
SMN is masked while the protein is in the SMN import complex is also unknown. 
Several possibilities thus exist in vivo: Impβ may bind directly to SMN, or 
indirectly through an unidentified adaptor protein (e.g. Imp7/Msk), or some 
combination of both scenarios, as they are not mutually exclusive.  
Figure 2.11. Models of Imp7’s role in snRNP import. (A) Imp7 and Impβ could 
function redundantly as an autonomous snRNP import receptors. (B) 
Alternatively, Imp7 could function as an Sm core snRNP import adaptor for Impβ. 
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We envision two models by which Imp7 could function in the nuclear 
import of snRNPs in vertebrates. In one scenario, Imp7 and Impβ could have 
partially redundant functions, wherein they could each independently function as 
import receptors in single snRNP import events (Figure 2.11A). Alternatively, 
Imp7 could serve as an import adaptor for Impβ, functioning together in the same 
import cycle (Figure 2.11B). Curiously, we find that an unidentified band of the 
appropriate size co-purifies with the SMN complex in numerous publications 
(Baccon et al., 2002; Pellizzoni et al., 2002; Yong et al., 2004; Carissimi et al., 
2005; 2006a; 2006b). Thus it is possible that Imp7 is the unidentified Sm core 
import adaptor protein in vertebrates, definitive identification of which remains a 
subject of considerable interest. 
Traditionally, import receptors are thought to be bound immediately by 
RanGTP in the nucleus; subsequently, the receptors are recycled back into the 
cytoplasm.  However, there is evidence that Imp7 may be a bit different from 
traditional nuclear import receptors. Unlike Impβ, Imp7 does not require RanGTP 
for histone H1 nuclear import (Jakel et al., 1999). The lower affinity for RanGTP 
is hypothesized to be a potential advantage. By delaying the dissociation of Imp7 
from H1, Jakel et al. (1999) suggested that Imp7 could accompany the histone to 
the chromosome for assembly into chromatin. This same idea could be applied to 
our surprising finding that Msk/Imp7 localizes to Cajal bodies in both Drosophila 
and human cells (Figures 2.6 and 2.S1, respectively). Hence, Msk/Imp7 might 
act in a chaperonin-like fashion inside the nucleus, ferrying snRNPs to Cajal 
bodies for potential interaction with coilin and/or SMN (Narayanan et al., 2004; 
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Supplemental Figure 2.S1. Human Imp7 is enriched in Cajal Bodies of 
Mammalian Cells. Immunofluorescence in HeLa cells. Imp7 is enriched in a 
subset of Cajal bodies (marked by arrows) in HeLa cells. Co-stained with anti-
SMN. 
 
Navigating the complex nature of snRNP import mechanisms will require 
precise molecular dissection of the interactions between snRNPs, their transport 
receptors and their downstream effectors. Our finding that loss of msk function 
leads (directly or indirectly) to co-depletion of dSMN is particularly significant in 
this regard. Collectively, our studies provide strong evidence that Ketel/Impβ is 
not the TMG cap import receptor in Drosophila and that Msk/Imp7 is required for 
ongoing snRNP biogenesis. Furthermore, we provide important food for thought 
regarding a potential role for Imp7/Msk in mammalian snRNP import. Imp7/Msk 
may have different binding capacities than Impβ/Ketel in particular tissues or for 
individual species of U snRNPs. Additional experiments will be needed to clarify 
these and other important questions. Understanding the role of Imp7/Msk in 
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snRNP biogenesis in both vertebrate and invertebrate systems should elucidate 
how the two different nuclear import pathways complement one another. 
MATERIALS AND METHODS 
DNA Constructs 
dSNUP, hIBB-dSNUP, dSMN, dSmB, Msk, and Ketel full-length cDNAs 
were PCR amplified with appropriate primers flanked by Gateway recombination 
sequences (Invitrogen, Carlsbad, CA). These products were recombined initially 
into pDONR221 (Invitrogen) before entry into green fluorescent protein (GFP)-
tagged pAGW, flag-tagged pAFW (Drosophila Genome Research Center), or 
pBI-UASC-mVenus (gift from Brian McCabe).  
Recombinant Protein Expression and S2 Cell Transfections 
GST-dSNUP was expressed in BL21-star bacteria (Invitrogen) by 1 mM 
IPTG induction for 3 h. Lysate was extracted by sonication and passed over 
glutathione beads. S2 cells were transfected using Cellfectin as directed 
(Invitrogen), and cells were harvested 4 days after transfection.  
Antibodies 
A rabbit polyclonal anti-dSNUP antibody (dSNUP) was generated (Pacific 
Immunology, Ramona, CA) using GST-tagged dSNUP. A guinea pig polyclonal 
anti-dSNUP antibody was generated (Pocono Rabbit Farm and Laboratory, 
Canadensis, PA) using dSNUP.     
GST (Santa Cruz Biotechnology, Santa Cruz, CA; mouse; 1:1000), GFP 
(Roche, Indianapolis, IN; mouse; 1:1000 and Abcam, Cambridge, MA; rabbit, 
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1:1000), dSmB (Y12) anti-sDMA (gift from J. Steitz, Yale, New Haven, CT; anti-
mouse; 1:3000), dSMN (Praveen, et al., 2012; affinity purified anti-rabbit; 
1:2000), dSNUP (affinity purified rabbit; 1:3000), Msk (gift of L. Perkins; rabbit; 
1:2000), Ketel (gift from J.Szabad; anti-rabbit; 1:5000), bellwether (Abcam, 
Cambridge, MA; mouse, 1:5000), Flag (Sigma-Aldrich, St. Louis, MO; HRP 
conjugated anti-flag; 1:8000), and tubulin (Sigma-Aldrich, St. Louis, MO; rabbit; 
1:10,000) antibodies were used for Western blotting. Secondary antibodies used 
were goat anti-mouse-, goat anti-Guinea pig-, and goat anti-rabbit, all conjugated 
with horseradish peroxidase at 1:5000 (Pierce). 
Msk (gift of L Perkins; rabbit; 1:1000), Coilin (gift of J. Gall; guinea pig; 
1:1000), dSMN (Praveen, et al., 2012; affinity purified rabbit; 1:200), dSNUP 
(guinea pig; 1:200), dSmB (Y12) anti-sDMA (gift from J. Steitz, Yale, New Haven, 
CT; mouse monoclonal; 1:200), Imp7 (Sigma-Aldrich, St. Louis, MO; rabbit; 
1:250), and hSMN (mouse monoclonal; clone 8, BD Biosciences, 1:250) were 
used for immunofluorescence. GFP (Abcam, Cambridge, MA; rabbit; 1.5 µl), GFP 
(mouse; Roche; 1.5 µl), and dSNUP (guinea pig; 10 µl) antibodies, and flag 
conjugated agarose beads (Sigma-Aldrich, St. Louis, MO; 15 µl per IP) were 
used for immunoprecipitation in buffer A (10 mM Hepes pH 7.9, 1.5 mM MgCl2, 
10 mM KCl, 0.5 mM DTT).  
Immunoprecipitation 
S2 cell cytoplasmic lysate was prepared by resuspending cells in 5X pellet 
volume of buffer A. Resuspended cells were incubated on ice 30 min. to allow 
swelling, mixed 10X with a p200 pipette, and incubated an additional 10 min. on 
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ice before passing through a 27.5 gauge needle 40X. Cells were spun 1 min. 
13,000 rpm in microfuge, and the cytoplasmic supernatant treated with protease 
inhibitor cocktail (Pierce). For RNase experiments, S2 cell cytoplasmic lysate 
was divided into equal fractions, which were untreated or treated with 1 ug 
RNase per 5 µg lysate for 1 h. at 37°C. For RanQ69L experiments, bacterially 
expressed GST-RanQ69L was added to cytoplasmic lysate. Cytoplasmic 
fractions were incubated with antibody 1 h. (no antibody added for negative 
control IP) at 4°C before being incubated over night at 4°C with 15 ul protein A 
beads (Pierce). Bound proteins were washed 5X with 1 mL buffer A.  
For IP Northern experiments, bound RNA was directly Phenol/Chloroform 
extracted off beads, denatured in formamide loading buffer, and run on a 10% 
polyacrylamide-urea gel (Invitrogen), transferred to a nylon membrane, and 
probed with 32P-labeled PCR products corresponding to the D. melanogaster U1, 
U2, and U4 snRNAs. 
RNAi 
dSNUP dsRNAs were transcribed in vitro from PCR products flanked with 
T7 promoters. Drosophila S2 cells were placed in SF-900 media and treated with 
fresh 14 µg/mL double-strand RNA (dsRNA) each day for 4 d. before harvesting. 
Cytoplasmic extracts were generated 4 d. after transfection. 50 µg of cytoplasmic 
extract was loaded on a polyacrylamide gel for western blotting analysis to 
confirm knockdown. 
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Fly Stocks 
Oregon-R was used as the wild-type strain. A Msk null line containing a 
piggy back insertion in intron 1 of Msk (msk–/–), MskB185, w1118; 
PBac{5HPw+}mskB185/ TM3, Sb1 Ser1, and a line containing msk with a UAS 
promoter (UAS-msk), w*; P{UAS-msk.L}47M1/CyO, previously characterized 
(Lorenzen et al., 2001), were obtained from the Bloomington Stock Center 
(Bloomington, IN). Armadillo-Gal4 was recombined with msk–/– and crossed to 
UAS-msk for rescue or previously characterized UAS-flag-dSMN (Chang et al., 
2008). Previously characterized Ketelnull/– (Villanyi et al., 2008) were a gift from 
Janos Szabad. [The – symbol stands for a small deficiency (ketelrx32) that 
removes Ketel and a few of the adjacent loci, while the Ketel null (ketelrx13) is a 
complete loss of function mutant allele (Erdelyi et al., 1997).] 
The dSNUP and hIBB-dSNUP transgenic constructs were cloned into pBI-
UASC-mVenus (Wang et al., 2012) and sent to BestGene (Chino Hills, CA) for 
embryo injection using the phiC31 system. Transgenes were integrated at site 
86fB (Bischof et al., 2007). Flies bearing a UAS:VFP-Snup transgene were 
crossed to a variety of Gal4 drivers, including, tubulin-Gal4 and nanos-Gal4. The 
msk–/– flies were recombined with either VFP-dSNUP and VFP-hIBB-dSNUP 
transgenic lines and with Gal4 drivers. Timed matings were allowed to proceed 
for 6 h., and larvae were collected for phenotypic analyses on subsequent days.  
Immunofluorescence 
Drosophila tissues, HeLa and S2 cells were fixed at room temperature for 
10 min. in 3.7% paraformaldehyde in phosphate-buffered saline (PBS: 135 mM 
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NaCl, 2.5 mM KCl, 4.3 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.2). 
Tissues/cells were then permeabilized with 1% Triton 100x, blocked in PBST 
(PBS with 0.1% Triton 100x) containing 5% NGS (blocking solution) and then 
washed with PBST. The primary antibody, diluted in PBST, was incubated with 
the samples overnight at 4°C. After being washed with PBST, the secondary 
antibody, diluted in blocking solution, was incubated with the samples 2 h. at 
room temperature. The samples were stained with DAPI, washed with PBST and 
mounted in anti-fade solution (0.233 g DABCO, 800 µl water, 200 µl 1 M Tris-HCl 
pH 8.0, 9 ml glycerol). 
Fluorescence Microscopy 
Images were taken with a 40X (numerical aperture [N.A.] 1.25) plan 
apochromatic objective on a laser-scanning confocal microscope (SP5; Leica, 
Exton, PA). Contrast and relative intensities of the green (Alexa 488 or Venus 
tag), red (Alexa 594), and blue (DAPI) images were adjusted with Photoshop 
(Adobe Systems, Mountain View, CA).  
 CHAPTER III 	  
Characterization of the physical and functional interactions 
of Moleskin/Importin-β with snRNP 
 
Overview 	  
Biogenesis of small nuclear ribonucleoproteins (snRNPs) is biphasic. In 
vertebrates, small nuclear RNAs (snRNAs) are exported to the cytoplasm for 
assembly into pre-snRNPs. The partially assembled snRNPs are then imported 
back into the nucleus via the import adaptor, snurportin1 (SPN), and the import 
receptor importin-β. Previous work from our lab has shown that the Drosophila 
orthologue of SPN, dSNUP, does not contain an importin-β binding (IBB) domain, 
essential for SPN-mediated snRNP import in humans. Although it has been 
shown that neither dSNUP nor snRNPs interact with importin-β in flies, the import 
receptor, Moleskin/importin-7, does bind snRNP protein and RNA components. 
This chapter takes a closer look at the physical interactions of Moleskin (Msk) 
with snRNPs, revealing that its interaction with the Sm core may be direct. 
Moreover, Msk depletion induces cytoplasmic accumulation of transfected GFP-
dSmB, suggesting that snRNP import is inhibited in the absence of Msk. These 
results provide further evidence validating a role for Msk in the snRNP import 
pathway
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INTRODUCTION 
Uridine-rich small nuclear RNAs (U snRNAs) are the primary, essential 
components of the spliceosome, and thus, play a crucial role in splicing (Mattaj et 
al, 1993); (Tarn & Steitz, 1997). Small nuclear RNAs (snRNAs) of the Sm class 
are transcribed by RNA polymerase II in the nucleus and exported to the 
cytoplasm by a complex composed of the phosphorylated adaptor for RNA 
export (PHAX), the cap binding complex (CBP80/20) and the export receptor, 
Xpo1/RanGTP (Ohno et al, 2000). Once in the cytoplasm, the survival motor 
neuron (SMN) complex mediates the assembly of snRNPs by loading seven Sm 
proteins onto the snRNA (Meister et al, 2002); (Paushkin et al, 2002). The SMN 
complex serves as a scaffold upon which Sm proteins and the snRNA are 
assembled and ensures that the correct Sm proteins assemble onto the snRNA. 
The role SMN plays in snRNP assembly is crucial, because without Sm 
assembly, snRNPs are incapable of import, and thus, cannot participate in active 
splicing within the nucleus. After Sm core assembly, the 5’-end methylguanosine 
cap structure of the snRNA is hypermethylated to form a trimethylguanosine 
(TMG) cap by trimethylguanosine synthase (Tgs1); (Mouaikel et al, 2002); 
(Verheggen et al, 2002), and this is thought to be a signal for nuclear import 
(Palacios et al, 1997); (Mattaj & De Robertis, 1985); (Hamm et al, 1990); (Fischer 
et al, 1993). The snRNP import adaptor, Snurportin1 (SPN), binds to the TMG 
cap of the newly assembled snRNP, and importin-β (Impβ) subsequently binds 
SPN to facilitate nuclear translocation through the NPC (Huber et al, 1998).  
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U snRNPs do not appear to have a classical NLS. In contrast to classical 
NLS mediated import, U snRNP import does not require importin-α, but Impβ was 
shown to be required for U snRNP import (Palacios et al, 1997). U snRNPs have 
two known NLSs: the TMG cap and the Sm core. SPN is the import adaptor for 
the TMG cap NLS, and the SMN complex is thought to be the import adaptor for 
the Sm core NLS (Narayanan et al, 2002). In vitro snRNP import studies have 
demonstrated that U snRNPs possess different import requirements. Somatic 
cells can utilize either snRNP import pathway for U1, U2, U4, and U5 snRNPs, 
but the TMG cap NLS is required for U1 and U2 snRNP import in Xenopus 
oocytes (Fischer et al, 1993). Interestingly, when Xenopus egg extract is supplied 
to somatic cells, U1 and U2 import becomes TMG cap dependent, suggesting 
that soluble cytosolic factors mediate the TMG cap dependence of U1 and U2 
import (Marshallsay & Luhrmann, 1994). Identification of these cytosolic factors 
has evaded detection, but we do know that TMG cap independent import is 
dependent on the SMN complex (Narayanan et al, 2002). 
Irrespective of the requirement for TMG capping, and hence, absence of 
SPN binding, nuclear import is mediated via Impβ in the vertebrate system. 
Notably, these observations have all been in in vitro systems, and they fail to 
answer the question as to why we see cell specific differences in snRNP import 
requirements. An in vivo model of snRNP import would enable us to better 
analyze and validate the data obtained from in vitro snRNP import assays. 
Understanding how these two pathways function in the Drosophila model system 
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(should two pathways exist in fruit fly) will help elucidate the significance of the 
need for two independent snRNP import mechanisms. 
My previous work, shown in Chapter II, has taken the first steps in 
developing a Drosophila model system to study these two snRNP import 
mechanisms. I had identified and characterized Drosophila Snurportin (dSNUP), 
and in contrast to vertebrates, I found that Drosophila Snurportin does not 
contain an IBB and did not interact with Impβ. Most importantly, my work 
supports the hypothesis that snRNP import in flies is Impβ independent and led 
to the identification of a potentially novel snRNP import factor, Moleskin (Msk). I 
discovered that msk null mutants are depleted of the snRNP assembly factor, 
SMN, and the Cajal body marker, coilin is disrupted. In whole, the work shown in 
Chapter II provided evidence supporting a role for Msk in snRNP biogenesis, 
which warrants further investigation. 
 In this chapter, I more closely examined the functional significance and 
physical interactions of Msk with snRNPs in S2 cells. Surprisingly, I found that 
the interaction of Msk with dSNUP is RNA dependent, while its interaction with 
the Sm core protein, dSmB, is RNA independent. Moreover, I discovered that 
upon dSNUP and/or Msk knock down, GFP-dSmB accumulates in the cytoplasm 
of S2 cells, indicating that snRNP import may be disrupted. These results provide 
additional evidence supporting a role for Msk in snRNP import and further 
characterize and validate the physical interactions I discovered between Msk and 
snRNP components. Future experiments that clarify the nature of these 
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interactions will be needed, but this chapter offers crucial insights that will be 
helpful in designing such experiments. 
RESULTS 
Interaction of Msk with snRNP proteins 
I reconfirmed that Msk does indeed interact with snRNP protein 
components. Transfected GFP tagged -NLS, -dSMN and -dSPN co-
immunoprecipitated Msk from S2 cell cytoplasmic lysate (Figure 3.1). 
Additionally, an antibody raised against dSmB (Y12) co-immunoprecipitated Msk 
(Figure 3.1A), further validating and authenticating the interaction. I also found 
that not only does GFP-dSNUP co-immunoprecipitate Msk, but that GFP-hSPN 
does as well, suggesting that the residues needed for this interaction are 
conserved from Drosophila to human (Figure 3.1B).  
 
 
Figure 3.1. Characterization of Msk interaction with snRNP protein 
components. (A) Anti-dSmB (Y12) and GFP IP-Western. Anti-dSmB or anti-GFP 
co-immunoprecipitated Msk from untransfected or transfected GFP tagged –
dSMN and –dSPN S2 cell cytoplasmic lysate. (B) GFP IP-Western. Transfected 
GFP tagged –NLS, -dSPN and -hSPN co-immunoprecipitated Msk from S2 cell 
cytoplasmic lysate.  
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Interaction of Sm proteins with Msk is RNA independent  
My previous results from Chapter II provided evidence that Msk interacts 
with both the protein and RNA components of snRNPs (see Chapter II, Figure 
2.5A-C). To further characterize the nature of these interactions, I conducted 
RNase immunoprecipitation experiments. SPN is an import adaptor that is known 
to directly bind to Impβ. If Msk is the snRNP import receptor in flies (replacing the 
need for Impβ), I envisaged that dSNUP without an IBB should interact with Msk 
in an RNA independent manner. Intriguingly, I found that the interaction of not 
only dSNUP, but also dSMN with Msk is RNA dependent (Figure 3.2A and B). In 
contrast, the interaction of the Sm core protein, dSmB, with Msk is RNA 
independent (Figure 3.2C). This suggests that dSNUP might be interacting with 
Msk via Sm proteins bound to RNA. Alternatively, dSNUP may still be interacting 
directly with Msk in an RNA dependent manner, but that the RNA stabilizes the 
interaction. Future experiments to distinguish between these two possibilities will 
need to be carried out and are discussed in Chapter IV.  
 
	   71	  
 
 
Figure 3.2. Characterization of the RNA dependence of Msk interaction with 
snRNP components. (A) Flag conjugated beads IP-Western Blot. Flag tagged 
Msk co-immunoprecipitated GFP-dSMN from transfected S2 cell cytoplasmic 
lysate. RNase treatment abolished this interaction. (B) GFP IP-Western. 
Transfected GFP-dSNUP co-immunoprecipitated Msk from S2 cell cytoplasmic 
lysate. RNase treatment abolished this interaction. (C) Anti-dSmB (Y12) and anti-
dSNUP IP-Western Blot. Anti-dSmB and anti-dSNUP (guinea pig) co-
immunoprecipitated Msk from S2 cell cytoplasmic lysate. While RNase treatment 
abolished the interaction of dSNUP with Msk, the interaction of dSmB with Msk 
was not dependent on RNA. 
 
Snurportin and/or Moleskin knock down affects GFP-dSmB import 
Nuclear import of snRNPs in vertebrates essentially follows two alternative 
pathways: TMG cap dependent and independent import. If there also exists two 
alternative pathways in flies, snRNPs should continue to be imported even in the 
absence of dSNUP. Alternatively, if only one import mechanism exists that 
impinges upon dSNUP and the TMG cap, I would expect snRNP import to be 
disrupted by knocking down dSNUP protein.  
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The essentiality of dSNUP for snRNP import was tested by employing 
dSNUP RNAi in S2 cells followed by transfection of GFP-dSmB after dSNUP 
knock down. RNAi experiments were designed such that the individual protein 
products encoded by dSnup are not simultaneously affected. Figure 3.3A shows 
that a dsRNA targeting exon 1 of dSNUP efficiently knocked down GFP-dSNUP. 
Upon knock down of dSNUP, transfected GFP-dSmB accumulated in the 
cytoplasm of S2 cells, suggesting a snRNP import defect, as SmB is a core 
component of the heteroheptameric ring structure of snRNPs (Figure 3.4). In 
addition to the cytoplasmic GFP-dSmB, I also observed nuclear GFP-dSmB in 
dSNUP knock down S2 cells. This could indicate that there are two alternative 
snRNP import pathways, which would allow GFP-dSmB to access the nucleus 
independently of dSNUP. This remaining nucleoplasmic GFP-dSNUP could also 
be attributed to residual levels of dSNUP protein that was not efficiently knocked 
down to levels that would completely perturb snRNP import. 
 
 
Figure 3.3. Significant knock down in S2 cells treated with dsRNAs 
targeting Msk or dSNUP. (A) dSNUP Western Blot. S2 cells treated with dsRNA 
targeting dSNUP for 5 days showed a significant reduction in dSNUP protein 
levels. (B) Msk Western Blot. S2 cells treated with dsRNA targeting Ketel/Impβ 
for 5 days showed no reduction in Msk protein levels, while treatment with 
dsRNA targeting Msk caused a significant reduction in Msk protein levels.  
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Irrespective of the presence of alternative import pathways in flies or the 
essentiality of dSNUP in snRNP import, Msk likely plays an important role in 
snRNP biogenesis as evidenced from my previous work (Chapter II). Assaying 
for snRNP import after Msk knock down in S2 cells tested the essentiality of Msk 
for snRNP import. A dsRNA targeting Msk provided robust knock down in S2 
cells (Figure 3.3B). I followed the same methods described above for testing the 
essentiality of dSNUP in snRNP import, and found a similar phenotype in S2 
cells treated with dsRNAs targeting Msk. There was a similar level of GFP-dSmB 
cytoplasmic accumulation after knock down, but a significant pool of remaining 
nuclear GFP-dSmB (Figure 3.4). Because Msk is a highly abundant protein in S2 
cells (significantly more Msk protein than dSNUP in S2 cells), my knock down 
may not have been efficient enough to disrupt snRNP import entirely. It is also 
important to note that, even if Msk serves as a snRNP import receptor, there may 
be a complementary pathway that does not utilize Msk as the import receptor. 
Alternatively, it is also possible that Msk could function as the Sm core import 
adaptor or serve a redundant role to another unidentified import receptor (see 
model from Chapter II, Figure 2.10). Simultaneous dSNUP and Msk knock down 
produced similar results as seen in the knock down of either individual protein 
(Figure 3.4). 
The cytoplasmic accumulation of GFP-dSmB upon Msk knock down was 
robust enough that I could detect it by western blotting. S2 cell fractionation of 
transfected GFP-dSmB was predominantly nucleoplasmic in control S2 cells (no 
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RNAi), while GFP-dSmB accumulated in the cytoplasm of S2 cells after 
treatment with dsRNA targeting Msk (Figure 3.5). This result lends additional 
support to the hypothesis that Msk plays a crucial role in snRNP import and is the 
likely snRNP import receptor in flies.  
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Figure 3.4. GFP-dSmB accumulates in the cytoplasm of dSNUP and/or Msk 
RNAi treated S2 cells. Transfected GFP-dSmB is nucleoplasmic in control S2 
cells (no RNAi) and cells treated with dsRNA targeting Ketel/Impβ. GFP-dSmB 
accumulates in the cytoplasm of S2 cells upon treatment with dsRNAs targeting 
dSNUP and/or Msk. 
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Figure 3.5. S2 cell fractionation following Msk RNAi shows cytoplasmic 
GFP-dSmB accumulation. Western blot. Transfected GFP-dSmB was 
predominantly nucleoplasmic in control S2 cells (no RNAi), while GFP-dSmB 
accumulated in the cytoplasm of S2 cells upon treatment with dsRNA targeting 
Msk. 
DISCUSSION 
Previous results from Chapter II strongly favor the interpretation that 
Drosophila snRNP import utilizes the import receptor Msk/Imp7 in place of 
Ketel/Impβ. Not only is the physical interaction between Imp7/Msk and 
SPN/dSNUP conserved in both humans and Drosophila, but the SPN residues 
mediating this interaction are very likely conserved from Drosophila to human 
since Msk can interact with hSPN (Figure 3.1B). This result lends further 
evidence for a previously unrecognized role for Imp7 in vertebrate snRNP import.  
I was surprised to find that the interaction of dSNUP with Msk was RNA 
dependent. This was an unexpected result because my previous work indicated 
that Msk was a potential snRNP import receptor, so I anticipated that Msk would 
have similar snRNP binding properties as Impβ, which binds directly to SPN. It is 
possible that Msk may still bind to dSNUP directly, but that a conformational 
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change, induced by the binding of dSNUP to the TMG cap, is needed for a stable 
complex to form and be co-immunoprecipitated. 
The RNA independent interaction of Msk with the Sm core protein, dSmB, 
leaves open some intriguing possibilities. We know that SMN can bind directly to 
Impβ in vitro, and that purified SMN complexes are required for SPN independent 
snRNP import (Narayanan et al, 2004). However, the precise identity of the 
import adaptor for the Sm core mediated import pathway is not known. If Msk is 
found to bind directly to the Sm core, it could be the elusive Sm core import 
adaptor (Figure 2.10A). Alternatively, Msk may be acting as an autonomous 
import receptor (Figure 2.10B), but these two scenarios are not mutually 
exclusive, and this model does not preclude the ability of other importins to 
provide transport redundancy for snRNP cargo. Future experiments to distinguish 
between these possibilities will need to be carried out. 
 Flies may very well have two snRNP NLSs as we see in vertebrates, and 
so it was not terribly surprising that upon dSNUP knock down, I did not observe 
an absolute disruption in GFP-dSmB import. It was, however, unforeseen that 
there was not a more pronounced phenotype from Msk versus dSNUP knock 
down. I would presume that Msk would be involved in both snRNP import 
pathways (should they exist in flies) if Msk were wholly replacing Impβ function in 
flies. Therefore, I had predicted that GFP-dSmB import would be severely 
affected in the absence of Msk because snRNPs would not have an alternate 
route into the nucleus. Moreover, dual knock down of dSPN and Msk produced 
no more robust phenotype than either knock down alone. This could indicate that 
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Msk is only involved in the TMG cap dependent import pathway, since dSNUP 
knock down would be expected to only inhibit TMG cap mediated import. This 
interpretation is contrary to the RNase experimental data, which suggested that 
the interaction of Msk with dSmB is likely direct since it was not dependent on the 
RNA. 
A major caveat of the experimental design (knock down followed by GFP-
dSmB transfection) is the fact that GFP-dSmB is likely imported into the nucleus 
without being bound to snRNAs. Sm proteins, including SmB, have their own 
NLSs within their C-terminal tails, which have been shown to be imported in T. 
brucei (Girard et al, 2004). Additionally, SmB is involved in other processes 
outside of snRNP biogenesis (Gonsalvez et al, 2010), and can be found in non-
snRNP complexes. For these reasons, dSmB nuclear import, irrespective of 
snRNP import, is highly probable. Under this presumption, the GFP-dSmB 
assembled into snRNPs would be the fraction I observe accumulating in the 
cytoplasm. The remaining nucleoplasmic signal would be GFP-dSmB that is not 
associated with snRNPs and is freely transported into the nucleoplasm, 
unperturbed by snRNP import defects. 
Understanding the complex nature of snRNP import mechanisms and the 
interactions between snRNPs and their transport factors will require precise 
molecular dissection. In sum, this study has illuminated some of the finer details 
of Moleskin’s interaction with snRNPs, and provides additional evidence 
supporting a role for Msk in the snRNP import pathway. Nonetheless, additional 
experiments will be needed to clarify the specific molecular details of the physical 
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interactions of Msk with snRNPs, and the precise role Msk plays in snRNP 
import. 
MATERIALS AND METHODS 
DNA Constructs 
dSNUP, dSMN, hSPN, and dSmB full-length cDNAs and NLS were PCR 
amplified with appropriate primers flanked by Gateway recombination sequences 
(Invitrogen, Carlsbad, CA). These products were recombined initially into 
pDONR221 (Invitrogen) before entry into green fluorescent protein (GFP)-tagged 
pAGW or flag-tagged pAFW (Drosophila Genome Research Center). 
Antibodies 
A rabbit polyclonal anti-dSNUP antibody (dSNUP) was generated (Pacific 
Immunology, Ramona, CA) using GST-tagged dSNUP. A guinea pig polyclonal 
anti-dSNUP antibody (dSNUP2) was generated (Pocono Rabbit Farm and 
Laboratory, Canadensis, PA) using dSNUP.  
GFP (Roche, Indianapolis, IN; anti-mouse; 1:1000 and Abcam, 
Cambridge, MA; anti-rabbit, 1:1000), dSNUP (affinity purified anti-rabbit; 1:3000), 
Msk (gift of L. Perkins; anti-rabbit; 1:2000), lamin (Developmental studies 
hybridoma bank, Iowa City, Iowa, ADC101, anti-mouse, 1:1000), and tubulin 
(Sigma-Aldrich, St. Louis, MO; anti-mouse; 1:10,000) antibodies were used for 
western blotting. Secondary antibodies used were goat -anti-mouse-, -anti-
guinea pig-, and -anti-rabbit-conjugated horseradish peroxidase at 1:5000 
(Pierce). 
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dSmB (Y12) anti-sDMA (gift from J. Steitz, Yale, New Haven, CT; anti-
mouse; 1 µl), GFP (anti-mouse; Roche; 1.5 µl), and dSNUP (anti-guinea pig; 10 
µl) antibodies, and flag conjugated agarose beads (Sigma-Aldrich, St. Louis, MO; 
15 µl per IP) were used for immunoprecipitation in buffer A (10 mM Hepes pH 
7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT).  
Fractionation and Immunoprecipitation  
S2 cell cytoplasmic lysate was prepared by resuspending cells in 5X pellet 
volume of buffer A. Resuspended cells were incubated on ice 30 min. to allow 
swelling, mixed 10X with a p200 pipette, and incubated an additional 10 min. on 
ice before passing through a 27.5 gauge needle 40X. Cells were spun 1 min. 
13,000 rpm in microfuge, and the cytoplasmic supernatant treated with protease 
inhibitor cocktail (Pierce). For RNase experiments, S2 cell cytoplasmic lysate 
was divided into equal fractions, which were untreated or treated with 1 ug 
RNase per 5 µg lysate for 1 h. at 37°C. Cytoplasmic fractions were incubated 
with antibody 2 h. at 4°C before being incubated over night at 4°C with 15 ul 
protein A beads (Pierce). Bound proteins were washed 5X with 1 mL buffer A. 
The nuclear fraction was purified from the pellet remaining after 
cytoplasmic fractionation. The nuclear pellet was washed several times with 
phosphate-buffered saline (PBS: 135 mM NaCl, 2.5 mM KCl, 4.3 mM Na2HPO4, 
and 1.5 mM KH2PO4, pH 7.2). The pellet was resuspended in ½ the cell volume 
of low salt buffer C (20 mM Hepes pH 7.9, 25% glycerol, 1.5 mM MgCl2, 0.2 mM 
EDTA, 20 mM NaCl, 0.5 mM DTT) and homogenized with stir bar at slow speeds 
while slowly adding the same volume of high salt buffer C (20 mM Hepes pH 7.9, 
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20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT). The cells 
were homogenized for 30 min. at 4°C, spun for 5 min. at max speed, and the 
nuclear fraction harvested from the supernatant.  
RNAi 
dSNUP and Msk dsRNAs were transcribed in vitro from PCR products 
flanked with T7 promoters. Drosophila S2 cells were placed in SF-900 media and 
treated with fresh 14 µg/ml double-strand RNA (dsRNA) each day for 4 days 
before harvesting. Cells were transfected with GFP-dSmB using Cellfectin as 
directed (Invitrogen) on day 2. Cytoplasmic extracts were generated 4 d. after 
transfection. 50 µg of cytoplasmic extract was loaded on a gel for western 
blotting analysis to confirm knock down. 
Immunofluorescence 
Drosophila S2 cells were fixed at room temperature for 10 min. in 3.7% 
paraformaldehyde in PBS. The cells were then washed with PBST (PBS with 
0.1% Triton 100x), stained with DAPI, washed with PBST and mounted in 
antifade solution (0.233 g DABCO, 800 µl water, 200 µl 1 M Tris-HCl pH 8.0, 9 ml 
glycerol). Images were taken with a 40X (numerical aperture [N.A.] 1.25) plan 
apochromatic objective on a laser-scanning confocal microscope (SP5; Leica, 
Exton, PA). Contrast and relative intensities of the green (Alexa 488 or Venus 
tag), red (Alexa 594), and blue (DAPI) images were adjusted with Photoshop 
(Adobe Systems, Mountain View). 
 
CHAPTER IV 
Discussion and Future Directions 
Vertebrate Imp7 and Impβ form an abundant heterodimeric complex, and 
it was assumed that the interaction of Imp7 with hSPN in HeLa cells (Paraskeva 
et al, 1999) was merely the interaction of Imp7 with Impβ. On the contrary, my 
work has shown that the interaction of Imp7/Msk with SPN is conserved in 
Drosophila, suggesting that the interaction seen in humans was not a 
consequence of Imp7 interacting with Impβ, but with snRNPs. Not only does Msk 
interact with snRNPs in flies, but there is also evidence that the interaction of 
Imp7/Msk with SPN and its localization to CBs (Ospina et al, 2005a) are 
conserved in humans. Most significant of all is the reduction in CB number and 
dSMN protein in Msk mutant larvae. In sum, these results suggest that the 
functional significance of Imp7/Msk in snRNP biogenesis may also be conserved.  
Addressing the complicated nature of snRNP import pathways 
An increasing number of transport receptors are being identified with 
multifaceted cargo specificities. A combination of different transport factors under 
certain conditions, in particular cell types, or carrying different U snRNP cargos 
could provide an explanation for the seemingly complicated snRNP import field.
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We know that particular U snRNPs and tissues possess different import 
requirements. If Imp7 is serving as a partially redundant import receptor, it could 
explain some of the conflicting snRNP import requirements observed in the
literature. Imp7 may have different binding capacities than Impβ in particular 
tissues or for individual U snRNPs. snRNA structural and length differences 
could account for the observed disparities in TMG cap dependence, and could 
also allow for a more diverse range of affinities for various import receptors. This 
section will discuss these possible scenarios in detail. 
Msk/Imp7 import adaptor versus import receptor  
Considering the results from my work along with the conservation of 
Imp7/Msk interaction with SPN suggests that the function of this interaction may 
be conserved. Since Imp7/Msk has been shown to function as an import 
receptor/adaptor, it is likely that it serves a similar import role in snRNP 
biogenesis (Jakel et al, 1999); (Freedman & Yamamoto, 2004). Previous results 
in our lab show that although SMN can bind directly to Impβ in vitro, the SMN 
complex is required for SPN independent snRNP import. It has not been 
determined whether the Impβ binding site of SMN is masked while the protein is 
in the SMN import complex. Several possibilities thus exist in vivo: Impβ may 
bind an unidentified adaptor protein (Imp7/Msk), bind directly to SMN, or bind 
both simultaneously. I have some preliminary evidence that suggests that the 
former case is probable. 
During the course of experiments conducted to determine if snRNP 
components bind to Ketel/Impβ, I found that although Ketel does not interact with 
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snRNPs, it does interact with dSMN. In co-immunoprecipitation assays, I 
discovered that flag-dSMN was able to interact with GFP-Ketel (Figure A.5C). 
The fact that Ketel can bind to dSMN, but not to the snRNA or other known 
snRNP components, suggests that the IBB of dSMN is sequestered when it is 
bound to snRNPs. If the SMN IBB is conserved between fly and human, this 
would indicate that the IBB of SMN is not accessible when it is bound to snRNPs. 
Moreover, the region of SMN that is required for Impβ binding is the same region 
that binds Sm proteins, adding uncertainty to the hypothesis that SMN is serving 
as the Sm core import adaptor (Narayanan et al, 2004). Taken together, these 
findings suggest that there must be some other factor mediating the interaction of 
Impβ with the Sm core NLS in flies, and possibly in humans.  
I had envisioned two models in humans by which Imp7 could function in 
the nuclear import cycle of snRNPs in vertebrates. Imp7 and Impβ could have 
partially redundant functions, each independently functioning as import receptors 
in single snRNP import events (Figure 2.10A). Alternatively, Imp7 could serve as 
the Sm-core import adaptor for Impβ (Figure 2.10B), but these models are not 
mutually exclusive. I have several lines of evidence in support of the latter 
scenario.  
Traditional import receptors are immediately bound by RanGTP/Xpo1 and 
exported to the cytoplasm upon cargo delivery to the nucleus, but I unexpectedly 
discovered enrichment of Msk/Imp7 in the CBs of both human and fly cells. 
Although import receptors would be predicted to be immediately recycled upon 
nuclear import, there is evidence that this is not always the case for import 
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adaptors. As discussed in Chapter II, Imp7 is predicted to act in a chaperonin-like 
fashion inside the nucleus, carrying histone H1 to the chromatin for assembly 
(Jakel et al., 1999). This hypothesis is supported by the fact that Imp7 has a 
much lower affinity for RanGTP than Impβ (~30 fold lower); (Gorlich et al, 1997). 
It is important to point out that Imp7 serves as an import adaptor for histone H1, 
not a receptor.  
There is evidence that SPN may be another example of an import adaptor 
that is not immediately recycled back into the cytoplasm. Previous work from our 
lab has shown that a mutant SPN (25-27A) that has reduced Xpo1 binding is 
enriched in CBs following U2 snRNP import in HeLa cells (Ospina et al, 2005a). 
Although wild type SPN in HeLa cells was not detected in CBs in that assay, the 
interaction may be too transient to detect because wild type SPN was found to 
localize to CBs upon leptomycin B (LMB) treatment, which would block the ability 
of SPN to be exported. It is important to note that only snRNP bound SPN was 
targeted to CBs, as TMG cap binding mutants were not targeted to CBs. These 
findings in addition to my discovery that wild type dSNUP is enriched in the CBs 
of flies, suggests that there is a functional conservation for the association of 
snRNP bound SPN with CBs.  
I also found Imp7/Msk enriched in CBs similar to SPN. This is additional 
evidence that Imp7/Msk likely binds snRNPs and accompanies snRNPs to CBs, 
since we know that only snRNP bound SPN can target CBs. Likewise, this 
finding may suggest that Imp7/Msk could serve as an import adaptor for snRNPs 
since only adaptors seem to have the capability of resisting immediate export 
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upon nuclear entry. Further evidence supporting this hypothesis is the RNA 
independent nature of the interaction of Msk with dSmB, which could mean that 
Imp7/Msk binds directly to the Sm core. Imp7/Msk may actually be the 
unidentified Sm core import adaptor in humans. Taking these results together,  
Msk/Imp7 could serve as an Sm-core import adaptor in both flies and 
vertebrates. If this hypothesis holds true, and Msk/Imp7 is serving as an import 
adaptor for the Sm core import pathway, Msk/Imp7 could still function as an 
autonomous import receptor for the SPN/TMG-cap mediated pathway since it is 
known to function in either role for other cargos. 
RanGTP and snRNP import 
Classical NLS cargo import, utilizing Impα/Impβ, is energy and Ran 
dependent, requiring RanGTP to release Impβ and cargo from the nuclear side of 
the NPC. Other Impβ import adaptors such as transportin and SPN are able to 
mediate cargo import in an energy independent manner, and SPN can be 
imported in the absence of Ran (Huber et al, 2002). Moreover, the transport 
kinetics of NPC docking to nuclear appearance of SPN-mediated snRNP cargo is 
faster than Impα mediated transport (Rollenhagen et al, 2003). The differences in 
adaptor binding could account for the differential Ran requirement for cargo 
import. Crystal structures show that Impβ is in an open conformation when bound 
to the snRNP import adaptor SPN, similar to the conformation of Impβ bound to 
RanGTP. It is thought that by mimicking this conformation, SNP/Impβ does not 
require RanGTP for release from the nuclear basket of the NPC, but RanGTP is 
required for the release of the U snRNP from Impβ (Wohlwend et al, 2007). 
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Therefore, single rounds of snRNP import mediated by SNP/Impβ in HeLa cell in 
vitro import assays would be independent of RanGTP.  
While SPN/TMG cap mediated import is Ran and energy independent in 
somatic cells, the Sm core mediated pathway is Ran and energy dependent 
(Huber et al, 2002). Like Impβ, the energy dependence of Imp7 mediated import 
can vary depending on several factors. Imp7 shares a sequence motif similar to 
the Ran-binding site of Impβ, and is able to bind specifically to the GTP bound 
form of Ran, albeit at lower affinity than Impβ, but once bound is very stable 
(Gorlich & Kutay, 1999). Imp7 is known to function in two modes. As an 
independent import receptor, Imp7 requires RanGTP binding, but when acting as 
an adaptor with Impβ, RanGTP binding to Imp7 is not required for import 
(RanGTP must bind Impβ for import to occur via the Imp7/Impβ heterodimer); 
(Jakel et al, 1999). Therefore, it is reasonable to assume that if Imp7/Msk is 
acting as an autonomous snRNP import receptor, it should also require RanGTP.  
In vitro snRNP import assays supporting the necessity of Impβ for the Sm-
core import pathway did not use RanGTP, only ATP was added to the system 
(Narayanan et al, 2004); (Ospina et al, 2005a). In the absence of exogenous 
RanGTP, it would only appear that snRNP import requires Impβ if snRNP import 
via Imp7/Msk is RanGTP dependent. It is possible that Imp7 may serve as an 
Sm-core import receptor, and Impβ may not be required for snRNP import in 
somatic cells since RanGTP would be readily available in vivo. These HeLa in 
vitro import assays should be repeated with the addition of RanGTP and Imp7, 
rather than Impβ, to address whether Imp7 can function as an autonomous 
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snRNP import receptor. I would predict that RanGTP will be necessary for 
snRNP import to occur independently of Impβ, but these experiments have not 
been done in somatic cells. Alternatively, Imp7/Msk may be serving as an 
adaptor for the Sm-core NLS, so import could still require Impβ.  
Mutation of the RanGTP binding site of Imp7 (K61D) lowers its affinity to 
RanGTP by 70-fold, but does not interfere with its ability to bind Impβ (Jakel et al, 
1999). Whereas Imp7 K61D cannot support import of ribosomal proteins, since 
Imp7 acts as an autonomous ribosomal protein receptor, it can import histone H1 
as an adaptor. Moreover, RanGTP binding is dispensable for the H1 import 
adaptor, Imp7, but not the receptor, Impβ. Taking these findings into 
consideration, if Imp7/Msk is acting as an adaptor for the Sm-core NLS, it may 
not require RanGTP to import snRNPs, but likely requires Impβ. Fortunately, this 
crucial RanGTP binding residue (K61) is conserved in flies, so we could easily 
test the RanGTP dependence of Msk mediated snRNP import in vivo. My work 
has shown that the snRNP specific phenotypes observed in Msk mutants can be 
rescued with UAS-Msk (Figure 2.7-9), but we could test whether UAS-Msk K61D 
is also able to rescue. If Msk were merely a snRNP import adaptor in flies, we 
would expect full rescue of snRNP import since I would not predict RanGTP 
binding to be essential for import. If rescue is not seen, Msk is likely an import 
receptor (does not completely negate adaptor role), but there could be issues 
doing this experiment in vivo.  
In vitro import assays, from which we have gained most of our knowledge 
about not only snRNP import, but also Imp7 mediated import, really only address 
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one round of cargo import. In vivo rescue would require the import receptor to be 
recycled for additional rounds of import. The recycling of Msk K61D back to the 
cytoplasm would be significantly reduced since it has a 70-fold reduction in 
RanGTP affinity. Once Msk K61D transports one snRNP into the nucleoplasm, it 
would be unable to facilitate additional snRNP import events, and hence could 
inhibit full rescue of the observed snRNP related phenotypes. Although in vivo 
evidence would be preferred, in vitro import assays may be our only option to 
avoid such complications and fully understand the RanGTP dependence of 
Imp7/Msk snRNP import. 
Implications of unintended co-depletions   
There is an additional issue that needs to be addressed with regard to 
previous in vitro import assays utilizing depleted lysates. Work from our lab has 
shown that the in the absence of SPN, snRNPs can be imported via the SMN 
complex and Impβ in the presence of RanGTP (Narayanan et al, 2004). Although 
the import of U1 snRNPs in digitonin-permeabilized cells is SMN dependent, this 
requirement can be overcome with the addition of SPN and Impβ in 5 fold molar 
excess over U1 snRNPs (Narayanan et al, 2004). These results suggest that 
SMN is required for the TMG cap independent pathway only (in vitro). Addition of 
SMN alone from SMN depleted lysates was unable to rescue import, suggesting 
that there are additional import factors that are co-depleted with SMN. The SMN 
complex, which is purified with an anti-SMN antibody, is needed to restore U1 
snRNP import from SMN depleted lysates. Although the SMN complex failed to 
contain SPN or Impβ (Narayanan et al, 2004), it is possible that the SMN 
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complexes used contain Imp7. 
Lysates depleted of SMN (using anti-SMN) could have co-depleted Imp7 if 
the interactions I have discovered in flies are conserved in humans. Moreover, 
Msk mutants have significantly reduced levels of SMN, suggesting that Msk and 
SMN protein levels are tightly linked, so depletion of SMN could affect the 
abundance of Msk also. This potential co-depletion could interfere with the 
proper interpretation of in vitro import assay results. It would be pertinent to 
identify the Imp7 sized band that co-purifies with the SMN complex since these 
anti-SMN purified SMN complexes have been used in nearly all of the in vitro 
import experiments to date (Baccon et al, 2002); (Pellizzoni et al, 2002a); (Yong 
et al, 2004); (Carissimi et al, 2005); (Carissimi et al, 2006a); (Carissimi et al, 
2006b). It is highly likely that Imp7 is depleted with SMN if this band is proven to 
be Imp7, and this would have serious implications for our interpretation of 
previous experimental results.  
There could be similar problems with snRNP import experiments 
employing Impβ depleted lysates. It is plausible that Impβ depletion using anti-
Impβ could co-deplete Imp7 since we know that these two import receptors form 
an abundant heterodimeric complex (Jakel et al, 1999). Taken together, if Imp7 is 
sufficiently co-depleted with either SMN or Impβ we will need to re-evaluate all of 
the previous conclusions drawn from such assays. Future experiments should 
pay close attention to possible co-depletion issues and address them 
accordingly. In particular, we should be certain that Imp7 is not adversely 
affected in these assays if we are to truly believe Impβ is the sole vertebrate 
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snRNP import receptor. 
Tissue specific snRNP import requirements 
In contrast to somatic cells, one must be reminded that both the TMG cap 
and RanGTP are required for in vitro snRNP import in Xenopus oocytes. 
Additionally, either Impβ depletion or over expression of the Impβ binding domain 
of Impα were shown to block U snRNP import both in vivo and in vitro when 
using Xenopus egg extract (Palacios et al, 1997). These findings provide strong 
evidence that Impβ is necessary for snRNP import in the germline, but this does 
not negate the possibility that Imp7/Msk could play a significant role in somatic 
cell snRNP import. In particular, Imp7/Msk may play a pivotal role in the Sm core 
mediated import pathway or may require the bipartite U snRNP nuclear import 
signal. We know that SPN only requires the TMG cap to bind to the snRNA, but 
SPN also makes contacts with Sm proteins and the stem-loop of U1 snRNA 
(Kuhn-Holsken et al, 2010), and Sm protein assembly onto the snRNA is likely 
required for TMG cap formation and subsequent SPN mediated import (Mattaj et 
al, 1993);(Luhrmann, 1990). Since SPN makes several protein contacts, 
Imp7/Msk and/or Impβ may also require more than one interacting partner to 
either bind to or to stabilize snRNP interactions to facilitate efficient snRNP 
import in Xenopus oocytes (Figure 4.1). 
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When Xenopus egg extract is supplied to somatic cells, which do not 
require the TMG cap for U snRNP import, U1 and U2 import becomes TMG cap 
dependent, suggesting that unidentified soluble cytosolic factors mediate the 
TMG cap dependence of U1 and U2 import (Marshallsay & Luhrmann, 1994). 
Imp7/Msk may be one of these contributing factors since unidentified cytosolic 
factors are predicted to account for the tissue specific differences. I would argue 
that Impβ may not be necessary (Imp7 may be sufficient) for the TMG cap 
independent import pathway in vivo, however this pathway does not seem to 
function autonomously in the germline, since the TMG cap is required for import 
in Xenopus oocytes (Palacios et al, 1997); (Marshallsay & Luhrmann, 1994). 
There is much evidence that suggests that the Sm core is the essential snRNP 
NLS (Marshallsay & Luhrmann, 1994), while the TMG cap merely increases the 
efficiency of snRNP import. If the efficiency of the Sm core NLS is so low that 
import is undetectable, it could help to explain the discrepancies in TMG cap 
requirements.  
Figure 4.1. Model of U snRNP import 	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The assembly of the Sm core is mediated by the SMN complex, and 
regardless of which mechanism, snRNP import is thought to be dependent on the 
SMN complex in vivo (Narayanan et al, 2004). Although SMN complex members 
are fairly well established, it is possible that one or more proteins of the 
cytoplasmic SMN complex are different in somatic versus germline tissues. We 
already know of one SMN complex member that varies depending on the cellular 
compartment (Unrip is a cytoplasmic specific member), and specific U snRNPs 
contain unique proteins, so it is not inconceivable to imagine SMN complex 
variations based on cell type. These differences, if they are found, could help to 
explain the discrepancies observed in various snRNP import assays. It would be 
interesting to do a more thorough investigation of SMN complex members in 
various tissues/cell, notably HeLa cells and Xenopus oocytes. Abundant proteins 
like Imp7/Msk may stick to beads alone, and I have experienced such problems, 
so there could very well be SMN complex members we have not identified 
because they were thought to be “non-specific” binding partners, like Imp7/Msk 
or some other component required for Imp7/Msk binding. 
The differences seen in U1 and U2 versus U4 and U5 snRNP import TMG 
cap dependence could be partially accounted for if Imp7/Msk is capable of 
binding to only a select few U snRNPs, but not all. The differential TMG cap 
requirement for U1 and U5 snRNP import could be partially explained by stem-
loop structures present in U1, but not other U snRNAs, which could dictate import 
factor binding (Jarmolowski & Mattaj, 1993). However, my results reveal that 
Msk, like dSPN, is capable of binding U1, U2, U4, and U5 snRNAs from S2 cells, 
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suggesting that it plays a role in all U snRNP biogenesis pathways. This finding 
does not rule out the possibility that Imp7 serves a tissue specific function in 
vertebrate snRNP import. We know that the TMG cap dependence observed in 
Xenopus oocyte snRNP import is cell type specific (Fischer et al, 1994), so Imp7 
may only interact with U snRNAs in specific tissue/cell types.  
Redundancies in snRNP import  
The existence of multiple snRNP import pathways can be compared to the 
known import pathways of ribosomal proteins. Ribosomal proteins have a NLS 
consisting of several basic amino acids that can be recognized by four different 
transporters (Jakel & Gorlich, 1998), and this redundancy is indicative of the 
importance of ribosomal import to cellular processes. Ribosomal proteins must 
be imported into the nucleus so that they can be assembled into ribosomal 
subunits within the nucleolus and so they rely on redundant nuclear import 
mechanisms to ensure their functionality. In mammals, the same set of import 
receptors are responsible for both ribosomal and histone core proteins (Jakel & 
Gorlich, 1998). Two separate pathways import the core histones and linker 
histones. Linker histones, like histone H1, require a heterodimer consisting of 
Impβ and Imp7, while core histone import has redundant import receptors from 
the Impβ superfamily. Similar to the hypothesis that snRNA structural differences 
may account for various snRNP import requirements, mechanistic import 
differences are speculated to be due to structural differences between the two 
main histone classes. The snRNP import pathway also has redundancies built 
into the system since snRNP import is essential for splicing, and thus for viability 
	   95	  
of the cell, so it would not be surprising to find several snRNP import receptors. 
My work has shown that in flies Msk binds to U1, U2, U4, and U5 snRNAs 
(Figure 2.5C and data not shown), suggesting that Imp7/Msk plays a role in all 
snRNP import events. This role could vary depending on the particular U snRNP 
(e.g. adaptor versus receptor).  
Imp7 could also play a redundant or facilitating role for SMN directed 
snRNP import by binding to the Sm core NLS. In vivo experiments carried out by 
Girard et. al. (2006) did not detect cytoplasmic snRNP accumulation in SMN-
depleted HeLa cells via RNAi. This result could be interpreted in several ways. 
The snRNA may be unable to associate with the Sm core in the absence of SMN 
since the SMN complex is known to facilitate Sm core assembly. The snRNA 
would likely be rapidly degraded in the cytoplasm if left unassembled, and thus 
you would not detect cytoplasmic snRNAs. This hypothesis is supported by the 
fact that depletion of Sm proteins in yeast inhibits Sm core assembly and leads to 
U snRNA degradation (Bordonne & Tarassov, 1996). An alternative explanation 
as to why snRNPs did not accumulate in the absence of SMN could be that 
snRNPs are imported into the nucleus by multiple pathways in vivo, which may 
not require SMN and have yet to be identified. 
The Sm core proteins contain an NLS represented by a basic rich 
protuberance, which could theoretically be recognized by other import receptors 
(e.g. Imp7/Msk) in the absence of SMN. SmD1 and SmD3 additionally have 
lysine and arginine stretches in their C-terminal tails that show similarities to 
nuclear import signals for ribosomal proteins (Girard et al, 2004), and ribosomal 
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proteins are known to be Imp7 import substrates (Jakel & Gorlich, 1998). If 
Imp7/Msk is present in the system and serves as a functional Sm core import 
factor, SMN may not be needed for import to occur. RNAi of both SMN and Imp7 
may show a more prominent import defect, but it is likely that in vitro import 
assays will need to be employed to determine if Imp7 is playing a role in SMN 
independent import. It is important to point out that regardless of SMN’s potential 
role in snRNP import, it also plays an important role in snRNP assembly. 
Phenotypes seen in the absence of SMN may not be directly related to import 
defects, and this should be kept in mind when conducting such experiments and 
drawing conclusions.  
Imp7/Msk and Cajal bodies 
Previous work from Paraskeva et al. (1999) showed that the interaction of 
Imp7 with SPN is sensitive to RanQ69L (prevents GTP hydrolysis), suggesting 
that this interaction is indeed RanGTP sensitive. For this reason, cytoplasmic 
lysates were used for all of the import factor interaction studies in this thesis in 
order to prevent premature import complex disassembly from high concentrations 
of nuclear RanGTP. One of the most surprising findings from my work was the 
discovery that Imp7/Msk was found in the CBs of both vertebrates and flies, 
indicating that the interaction of Imp7/Msk with snRNPs is inherently less 
sensitive to RanGTP than typical import receptors (e.g. Impβ). These Imp7/Msk-
snRNP interactions may even be detectable in whole cell or nuclear lysates since 
Imp7/Msk can be found in nuclear subdomains. 
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This unexpected import factor CB accumulation may be indicative of a 
novel function for Msk/Imp7. Although there is evidence that Imp7 binds SPN in a 
RanGTP sensitive manner (Paraskeva et al., 1999), I had not expected to see 
Imp7 in a nuclear body since traditional import receptors are known to 
immediately bind RanGTP in the nucleoplasm to expedite their transport back 
into the cytoplasm. This finding could be attributed to Imp7’s ~30-fold reduced 
RanGTP binding affinity compared to Impβ. This lower affinity could delay the 
dissociation of Imp7/Msk from its snRNP cargo long enough to allow for 
chaperoning of snRNPs to CBs. I also found a disruption of CBs in the Msk 
mutant, which is in agreement with the hypothesis that Msk potentially directs 
snRNPs to CBs, thus serving as a “nuclear chaperone.”  
Nuclear chaperons are known to bind to correctly folded protein subunits 
to facilitate macromolecular interactions, particularly between proteins and 
nucleic acids. The assembly of chromatin from DNA and histones is perhaps the 
best studied nuclear chaperone mechanism, and Imp7 has already been 
implicated in mediating the interaction of histone H1 with chromatin (Philpott et 
al, 2000); (Jakel et al, 1999). Some of the basic principals learned from nuclear 
chaperones involved in DNA-protein interactions will likely apply to the assembly 
of nuclear RNPs. Nevertheless, the fact that Imp7/Msk appears to serve a 
nuclear role in relation to U snRNPs is surprising because snRNPs are thought to 
be nearly fully assembled upon reaching the nucleoplasm. What role can 
Imp7/Msk be playing then? Imp7/Msk could facilitate the interaction of snRNPs 
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with nuclear specific protein components, with CB components, like coilin, or 
possibly other snRNPs, mediating RNP-RNP interactions. 
Coilin is the primary marker of CBs, but studies from coilin knockout mice 
show that ‘residual’ nuclear bodies form in the absence of coilin. These ‘residual’ 
nuclear bodies contain the numerous machineries typically found in CBs. Coilin is 
thought to be needed to organize these various RNP assembly factors into a 
single entity, and is hypothesized to be the ‘glue’ that holds CBs together (Jady 
et al, 2003); (Tucker et al, 2001). Besides coilin, ongoing transcription has been 
shown to play a decisive role in the initiation of CB formation, although the 
precise mechanism of CB assembly is up for debate. It is possible that the direct 
interaction of coilin with SMN or some other member of the SMN complex (e.g. 
Imp7) may provide a targeting signal for newly imported snRNPs to CBs (Tucker 
and Matera, 2005). Regardless of how snRNPs reach the CB, transport factors 
(e.g. SPN, Imp7/Msk) must be displaced to participate in additional rounds of 
snRNP import, and Xpo1 likely plays an active role in this process. Xpo1 is also 
found to accumulate in CBs (Ospina, 2005b), so it is highly likely that this 
disassembly takes place at the CB particularly for transport factors that remain 
bound to snRNPs after nuclear entry. If Xpo1 in the CB displaces Imp7/Msk from 
snRNPs, it would not be entirely unexpected to find Imp7/Msk there. It will be 
interesting to determine if Imp7/Msk plays a definitive role in CB formation or if 
Imp7/Msk CB localization is merely a consequence of an Xpo1 binding 
requirement that takes place at the CB. 
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Msk could be found in every coilin positive nuclear body in flies (Figure 
2.6), but this was not true in HeLa cells (Figure 2.S1). Only a subset of the SMN 
positive nuclear bodies contained Imp7. Unlike coilin, which also marks histone 
locus bodies (HLBs), SMN is a distinct marker of CBs. Why do I see this 
Imp7/Msk in all fly CBs, but not all human CBs? Imp7 may be in all CBs, but the 
poor immunofluorescence capabilities of the Imp7 antibody used in the HeLa cell 
experiment could interfere with my ability to detect it. Alternatively, Imp7 may 
only accompany particular U snRNPs to the vertebrate CB. There is evidence 
that SPN targets CBs following U2 but not U1 snRNP import (Ospina et al, 
2005a), so this could indicate that Imp7 is serving as an adaptor (like SPN) when 
it is found in CBs. This interpretation would be flawed if SPN truly targets CBs 
after both U2 and U1 import, but was not detected in the assay used. In contrast 
to other snRNAs, U1 is not as abundant in CBs (Ospina et al, 2005a), so U1 may 
bypass the CB more often than U2 or it may have a more transient interaction 
with CB components. This could explain why SPN did not appear to target CBs 
following U1 import. No matter which scenario holds true, it fails to fully explain 
why Imp7 is found in only a subset of HeLa cell CBs. A possible explanation may 
be found if we discover different subspecies of CBs that contain distinguishing 
proteins or U snRNPs that could dictate whether transport factors are found 
there. Much work will need to be done on CB assembly and dynamics before we 
will be able to explain these findings. 
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Determining Msk’s direct snRNP binding partners 
I found that the interaction of not only dSNUP, but also dSMN with Msk is 
RNA dependent. In contrast, the interaction of dSmB with Msk is RNA 
independent (Figure 3.2). This suggests that dSNUP might be interacting with 
Msk through the Sm proteins bound to RNA. Alternatively, dSNUP may still be 
interacting directly with Msk in an RNA dependent manner, such that, a 
conformational change in dSNUP subsequent to snRNA binding may enable it to 
bind Msk.  
To distinguish between these two possibilities, one could test the 
interaction of Msk with bacterially expressed and purified GST-dSNUP in a TMG 
cap snRNA bound or unbound form. If the interaction of Msk with snRNPs is 
through the Sm core or some other snRNP component other than dSNUP, Msk 
should not interact with purified dSNUP in a TMG cap snRNA bound or unbound 
form. Msk should interact with purified dSNUP in a TMG cap snRNA bound form, 
but not unbound form if the direct interaction of Msk with dSNUP is merely 
stabilized by the snRNA. A negative result from an in vitro binding assay would 
be inconclusive since the direct interaction may be dependent on snRNP 
assembly to ensure the import of only the assembled snRNPs.  
Regardless of the direct binding nature of Msk and dSNUP, dSNUP may 
be required for Msk binding to snRNPs. One could test whether dSMN and Sm 
proteins still interact with Msk in the absence of dSNUP by knocking down 
dSNUP in S2 cells with RNAi. I would not expect to see an effect on dSmB 
binding since I have been able to show that dSmB and Msk interact in an RNA 
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independent manner (Figure 3.2), in which case, dSNUP is likely to be released 
from the snRNP upon RNA degradation. 
It would also be of interest to investigate other snRNP proteins to 
determine whether Msk can directly bind to them. By purifying each snRNP 
component and doing in vitro binding assays, in the absence of RNA, one could 
determine which proteins are able to bind directly to Msk. The absence of a 
necessary cytoplasmic factor that helps stabilize the interaction of Sm proteins 
with Msk could interfere with such experiments; so one must keep in mind that a 
negative result may not accurately reflect in vivo binding activity. Another thing to 
consider when doing pull down assays with bacterially expressed proteins is the 
fact that they will not be methylated. Although we know that Sm protein 
methylation is not required for snRNP biogenesis in flies (Gonsalvez et al, 2006), 
it could potentially affect the binding affinity of Msk. It would be interesting to 
determine if the interaction of Msk with dSmB is methylation dependent, since we 
still do not fully understand the reasons for Sm protein methylation. 
Spinal Muscular Atrophy (SMA) 
Deletions or mutations of the SMN can lead to a devastating and lethal, 
neuromuscular disease, Spinal Muscular Atrophy (Lefebvre et al, 1995). SMA is 
an autosomal recessive, neurodegenerative disease that specifically targets 
motor neurons (Ogino & Wilson, 2004). Although the exact disease pathology of 
SMA is unknown, in vitro studies on SMA mouse models revealed reductions in 
snRNP biogenesis capabilities (Gabanella et al, 2007), and loss of SMN nuclear 
foci correlates with the disease phenotype (Coovert et al, 1997); (Lefebvre et al, 
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1997). Intriguingly, several SMA patient derived SMN mutants show import 
defects (Narayanan et al, 2004), indicating that snRNP import could play a role in 
SMA disease pathology. 
A missense mutation, E134K, causes the most severe form of SMA. 
E134K sits in a region responsible for binding Sm proteins (Buhler et al, 1999); 
(Selenko et al, 2001), but this point mutation does not appear to affect Sm 
protein binding. It does however severely impair its ability to bind Impβ  (Buhler et 
al., 1999) and shows SMN import defects. In vitro import assays have shown that 
SMN import requires the presence of Sm snRNPs and that labeled U1 snRNP 
import requires the SMN complex (Narayanan et al, 2004). Taken together, we 
know that SMN and U snRNP import are coupled, that U snRNP biogenesis 
correlates with SMA at the molecular level (Paushkin et al, 2002); (Meister et al, 
2002), and that snRNPs must be imported. Therefore, it is possible that snRNP 
import defects could be implicated in SMA pathology, and thus, it is important 
that we fully understand snRNP import mechanisms and regulation. 
Previous work in our lab has shown that the Sm core pathway requires the 
entire SMN complex, so it is possible that more than one complex member 
functions as the import adaptor, or that it may be an unidentified member (e.g. 
Imp7). An important line of investigation will be to identify the actual import 
adaptor(s) and identify which members, whether known or novel, are needed for 
Sm-core mediated snRNP import. In vitro import assays using the digitonin-
permeablized HeLa cell system will likely be the best way to dissect the pathway 
and determine which factors are necessary and/or sufficient for snRNP import. 
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We can add bacterially expressed and purified components to the system to 
determine exactly what proteins are needed for import of Cy3-labelled snRNPs 
and compare the results to the snRNP import using the purified SMN complex. 
Importantly, one should pay close attention to RanGTP in the system, as this 
could be a major determinant in the functionality of various import factors. It will 
be interesting to ascertain whether other SMA patient mutations are snRNP 
import defective, and whether they are dependent on Impβ and can be rescued 
with Imp7. If Imp7 is found to be a redundant import receptor, these studies could 
provide crucial insight into the disease pathology of SMA. 
snRNP import and disease 
One would predict that a mutation that disrupts a cell essential function 
would have a broad impact on all cell types, but this is not always the case. SMA 
is a prime example of a disease that is thought to be caused by a disruption to a 
cell essential function (snRNP biogenesis due to SMN mutations), which gives 
rise to a motor neuron specific defect. Could Imp7/Msk play a role in the 
pathology of tissue specific phenotypes, and maybe even SMA? Msk mutants 
have prominent muscle patterning and detachment phenotypes (Liu & 
Geisbrecht, 2011), similar to SMN mutant flies (Rajendra et al, 2007). 
Furthermore, Msk mutant embryos have defects in muscle-tendon cell 
attachment, and it has been shown that Msk is required in the muscle cell, but 
not the tendon cell. The muscle attachment defects can be recued by activated 
MAPK or the secreted epidermal growth factor receptor (Egfr) ligand Vein (Liu & 
Geisbrecht, 2011). That suggests that Msk signals through Vein-Egfr signaling 
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pathway for tendon cell differentiation and/or maintenance. Regardless of Msk’s 
role in the Vein-Egfr signaling pathway, it is plausible to imagine Msk/Imp7 
playing a role in other tissue specific phenotypes since there are clear examples 
of such phenotypes in Msk mutants. 
We do not fully understand why there are tissue specific phenotypes in 
diseases like SMA, but we know that mutations in nuclear envelope proteins also 
give rise to tissue specific pathologies. This is thought to be due to unidentified 
tissue specific expression patterns that mediate disease pathologies. The nuclear 
envelope proteome was found to vary greatly between tissues (Korfali et al, 
2012), and it is possible that complex tissue specific disease pathologies, like 
SMA, could be due, in part, to nuclear envelope proteome differences. 
Differences in the nuclear envelope proteome could have an enormous impact 
on the ability of certain import receptors to import cargo. Imp7/Msk may have a 
tissue specific role in snRNP import, and this could help to explain SMA disease 
pathology since import defects have already been observed in SMA patient 
derived SMN mutations. 
snRNP import regulation 
Transport adaptors are known to shuttle continuously between the nucleus 
and cytoplasm, and so they must be assembled and disassembled from import 
complexes. We know that RanQ69L, which cannot hydrolyze GTP, destabilizes 
complexes between either Impβ or Imp7 with SPN (Paraskeva et al, 1999), but 
snRNP import complex assembly and disassembly are poorly understood. It is 
hypothesized that an interaction between the N- and C-terminus of SPN might 
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play an auto-regulatory role (Figure 1.9), but this has not been fully examined. 
Additional regulation of snRNP biogenesis may be provided by post- translational 
modifications, which might attenuate inter- and intramolecular interactions. For 
instance, phosphorylation of SPN or other snRNP components could alter the 
strength of Imp7 versus Impβ binding. Such modulation may result in a decrease 
or increase in a molecule’s binding affinity, and provide a quick and efficient 
means of regulating snRNP biogenesis. When designing experiments to uncover 
such regulatory mechanisms, it will be important to keep in mind that regulatory 
mechanism may be tightly linked to alterations in snRNP biogenesis demand, so 
the experimental conditions should be scrutinized. 
Evolution of snRNP import mechanisms 
Nuclear import is essential in all eukaryotes, and import machineries are 
required to carry out this conserved function. Despite the conservation of import 
mechanisms, there are vast differences in the components of the nuclear 
transport apparatus among eukaryotes. Most pronounced are the difference seen 
in Drosophila. Importins have been frequently lost and gained throughout 
Drosophila evolution, and even relatively recent duplication events can rapidly 
acquire essential function in Drosophila. The import adaptor Impα has been 
closely examined in Drosophila, and Impα homologues are a prime example of 
such rapid changes in import machineries that maintain their essential function. 
Impα lacking an IBB has been shown to readily translocate to the nucleus 
in the absence of Ran and Impβ in yeast (Miyamoto et al, 2002), suggesting that 
transport adaptors lacking an IBB may be functional. Similar to this yeast Impα 
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without an IBB, my research has shown that another import adaptor orthologue, 
dSNUP, lacks an IBB and yet is nuclear. The inability of dSNUP to bind 
Ketel/Impβ is likely due to an IBB deletion event unique to arthropods because all 
other vertebrates and C. elegans appear to have an IBB (Table A.1; deletion 
event is not restricted to Drosophila). Despite the deletion of a region thought to 
be vital for SPN function, dSNUP is expected to be functional since it binds 
snRNPs readily and can be found in CBs (only snRNP bound SPN targets CBs) 
(Ospina et al, 2005a). 
Imp7/Msk is another import machinery component that appears to have 
retained functionality. The ability of Imp7/Msk to bind to SPN and localize to CBs 
is conserved from fly to human (Paraskeva et al, 1999); (Figures 2.5A-B and 
2.6). This suggests that the role Imp7/Msk is serving in snRNP biogenesis is 
important, even if it is found to be a redundant role. It is unlikely that this 
conservation of function is due to convergent evolution because the nucleotide 
sequence of human and fly Imp7/Msk are ~57% similar.  
Karyopherin-βs (e.g. Imp7, Impβ, etc.) were established early in eukaryote 
evolution, and the entire Karyopherin-β subfamily likely descended from an 
ancestral form. Although the ancestral Karyopherin-β remains unknown, 
Imp7/Msk mediated import is considered to be evolutionarily ancient (O'Reilly et 
al, 2011), and could conceivably have been the first snRNP import receptor to 
emerge in evolution. Due to the fact that the IBB in both fly and vertebrate SPN 
(Narayanan et al, 2002) are not essential for nuclear import, Imp7 might play an 
important role in Impβ independent SPN and snRNP import.  
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Imp7 is also known to directly bind to and import ribosomal proteins 
independently; it shares this characteristic with Impβ, transportin, and RanBP5. 
All of these proteins recognize a basic region in a ribosomal protein (L23a), 
which may very well be an archetypal import signal that evolved before import 
receptors diverged in evolution (Jakel & Gorlich, 1998). The Impα/Impβ 
heterodimer or Imp7 can import a glucocorticoid receptor NLS fragment as well 
(Freedman & Yamamoto, 2004). These diverse cargo and import roles indicate 
that Imp7 may be able to import snRNPs independently of Impβ or Impβ/SPN. 
Alternatively, Ketel/Impβ may interact with snRNPs through Msk/Imp7, and the 
interaction may be too weak to detect in flies. Regardless of dSNUP’s affinity for 
Ketel/Impβ, I observed no snRNP defects in Ketel/Impβ mutants. This suggests 
that Ketel/Impβ does not play a necessary functional role in fruit fly snRNP import. 
I look forward to future research that examines the underlying complexities of 
snRNP import that we do not yet understand. It seems that all too often we apply 
findings from a single experiment, done in one particular cell type, under very 
specific conditions to our broader understanding of in vivo processes that are 
beyond such limited experimental systems. It is very important that we 
understand and address such inadequacies, so that we do not misinterpret 
results, and thus push our understanding backward rather than forward. 
Summary and concluding remarks 
Fly Snurportin can be viewed as an IBB deleted version of vertebrate SPN. 
Although the earlier report of Imp7 interacting with SPN (Paraskeva et al, 1999) 
was essentially ignored, the localization of Imp7 to CBs, and the ability of SPN 
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ΔIBB to show nuclear localization properties, suggests that Imp7 may serve a 
role in snRNP import in vertebrates. Moreover, the striking reduction of dSMN 
protein and disruption to CBs in Imp7/Msk null flies indicates that it could play a 
more central role in snRNP import than one might first contemplate. Considering 
Imp7/Msk has never before been implicated as a snRNP import factor, and yet 
may be a vital component to our understanding of snRNP import mechanisms, 
points to the substantial gaps in our knowledge that have yet to be filled. It will 
require much work and attention to detail to fully dissect the intricacies of snRNP 
biogenesis. This thesis provides a stepping stone to guide future studies 
pertaining to the function of Imp7/Msk in snRNP biogenesis. The identification of 
dSNUP is also a first step in the development of an in vivo model to study snRNP 
import in Drosophila. Given that we see tissue specific differences in snRNP 
import requirements, developing an in vivo model will hopefully enable 
experiments that were previously impossible. 
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APPENDICES 
I conducted a number of experiments during my graduate career that I did 
not have sufficient time to follow up on. Data and preliminary results from these 
studies are included in these appendices, many of which are further elaborated 
on in the Chapter IV discussion section. Specific details of reagents generated 
and utilized in the course of my thesis studies can also be found in this section 
(e.g. construct sequences, vectors, primers, etc.).  
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Appendix I 
Investigation of Snurportin gene evolution 
Question under investigation 
 Do other insects have a gene fusion between SPN and DNTTIP1, and do 
they have a SPN IBB? What happens in evolutionarily primitive (before insects) 
and advanced (after insects) invertebrates and vertebrates? Is this genomic 
architecture unique to flies, and if not, when do the genes split apart in the 
evolutionary ladder?  
Rationale 
 dSNUP does not contain an IBB, which is required for SPN/TMG cap 
mediated snRNP import in vertebrates, so I wanted to know when the IBB may 
have been lost or gained in evolution. Additionally, dSnup has a unique genomic 
architecture since it appears to also encode a downstream gene, DNTTIP1. 
Therefore, I wanted to know if other species have a bicistronic Spn gene. 
Materials and Methods 
 Online databases were used to identify the genomic location of Spn and 
DNTTIP1 orthologues (FlyBase, WormBase, BeeBase, NCBI). Protein and cDNA 
sequences were also obtained for each. PROSITE was used to locate predicted 
IBB domains fpr each SPN orthologue. 
Results and Discussion 
 None of the insect species examined have an identifiable SPN IBB, but 
unexpectedly C. elegans do have an IBB (Table A.1). The IBB of SPN could be 
ancestral and lost in insects or could have been independently and convergently 
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recruited in the evolution of SPN in different species. The latter hypothesis 
implies that an important constraint exists for the use of importin-β as the 
SPN/TMG cap mediated snRNP import receptor. 
Insects are the only species examined that encode the protein coding 
region of SPN within one exon. In respect to the bicistronic nature of Snurportin 
orthologues, only Drosophila has this genomic architecture. This feature is 
unique to Drosophila, and all Drosophila species have a bicistronic Snurportin 
gene encoding both SPN and DNTTIP1 orthologues in one transcript (not 
shown). Additionally, all other species examined, with the exception of Drosophila 
and A. melifera, have SPN and DNTTIP1 orthologues encoded on opposite DNA 
strands. Gene fusions like this one are not entirely uncommon in Drosophila, and 
even Tgs1, which hypermethylates the snRNA cap, is a bicistronic gene that also 
encodes the novel protein DTL (CG31241); (Komonyi et al, 2009). The high 
frequency of bicistronic Drosophila genes may be due to evolutionary pressure to 
reduce its genome size.  
The fact that this gene fusion event is not conserved suggests that it 
serves no functional purpose in relation to the two genes. Moreover, DNTTIP1 
plays no known role in snRNP biogenesis, and does not interact with Sm 
proteins. While I have shown clear evidence that dSNUP interacts with not only 
dSmB, but other snRNPs, DNTTIP1 does not pull-down dSmB (data not shown). 
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Table A.1. Snurportin and DNTTIP1 interspecies comparison. Strand 
orientation (plus/minus) and chromosome origin (chromosome number) for SPN 
and DNTTIP1 are noted. The presence of an identifiable SPN IBB and the 
number of exons encoding the SPN homologous protein coding region are also 
shown (3’ and 5’ untranslated exons not included).  
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Appendix II 
Characterization of dSNUP antibodies 
Question under investigation 
 Do the dSNUP antibodies made in guinea pig or rabbit work for 
immunoprecipitation, immunofluorescence, or western blotting? 
Rationale 
 We initially had a dSNUP antibody made in a guinea pig, but previous 
results from our lab were unclear whether the antibody was able to recognize 
dSNUP by western (data not shown). I made a dSNUP antibody in rabbit to see if 
I could produce a better preforming antibody. This appendix details the 
capabilities of each dSNUP antibody.  
Materials and Methods 
A rabbit polyclonal anti-dSNUP antibody (dSNUP) was generated (Pacific 
Immunology, Ramona, CA) using GST-tagged dSNUP. A guinea pig polyclonal 
anti-dSNUP antibody was generated (Pocono Rabbit Farm and Laboratory, 
Canadensis, PA) using untagged dSNUP. 
dSNUP antibodies (anti-guinea pig; 1:100 or anti-rabbit; 1:2000) were 
used for western blotting. Lysates were made with RIPA buffer (50 mM Tris HCl 
pH 7.5, 150 mM NaCl, 1% NP40, 1 mM EDTA) and then run on a 4-12% 
polyacrylamide gel (Invitrogen), and subjected to western blotting. 
dSNUP antibodies (anti-guinea pig or -rabbit; 10 µl) were used for 
immunoprecipitation. S2 cell cytoplasmic lysate was prepared by resuspending 
cells in 5X pellet volume of buffer A (10 mM Hepes pH 7.9, 1.5 mM MgCl2, 10 
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mM KCl, 0.5 mM DTT). Resuspended cells were incubated on ice 30 min. to 
allow swelling, mixed 10X with a p200 pipette, and incubated an additional 10 
min. on ice before passing through a 27.5 gauge needle 40X. Cells were spun 1 
min. 13,000 rpm in microfuge, and the cytoplasmic supernatant treated with 
protease inhibitor cocktail (Pierce). S2 cell cytoplasmic fractions were incubated 
with antibody 2 h. at 4°C before being incubated over night at 4°C with 15 µl 
protein A beads (Pierce). Bound proteins were washed 5X with 1 mL buffer A.  
dSNUP antibodies (anti-guinea pig or -rabbit; 1:200) were used for 
immunofluorescence. S2 cells were fixed at room temperature for 10 min. in 
3.7% paraformaldehyde in phosphate-buffered saline (PBS: 135 mM NaCl, 2.5 
mM KCl, 4.3 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.2).  Cells were then 
permeabilized with 1% Triton 100x, blocked in PBST (PBS with 0.1% Triton 
100x) containing 5% NGS (blocking solution) and then washed with PBST. The 
primary antibody, diluted in PBST, was incubated with the samples overnight at 
4°C. After being washed with PBST, the secondary antibody, diluted in blocking 
solution, was incubated with the samples 2 h. at room temperature. The samples 
were stained with DAPI, washed with PBST, and mounted in antifade solution 
(0.233 g DABCO, 800 µl water, 200 µl 1 M Tris-HCl pH 8.0, 9 ml glycerol). 
Images were taken with a 40X (numerical aperture [N.A.] 1.25) plan 
apochromatic objective on a laser-scanning confocal microscope (SP5; Leica, 
Exton, PA).  
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Results and Discussion 
 I have already provided evidence that the dSNUP guinea pig antibody is 
capable of immunoprecipitation (Figures 2.2C-E and 2.4A), but the dSNUP rabbit 
antibody failed to co-immunoprecipitate any of the proteins shown to come down 
with the dSNUP guinea pig antibody (data not shown). The rabbit antibody works 
very well for western blotting (Figure 2.2A and B), but the guinea pig antibody 
does not work well. Although dSNUP guinea pig can specifically recognize 
overexpressed GFP-dSNUP (Figure A.1), it fails to recognize endogenous 
dSNUP (Figure A.1). 
Both dSNUP antibodies were very poor reagents for immunofluorescence 
on fly tissues or S2 cells (Figure A.2, A.3 and data not shown). S2 cell 
immunofluorescence with dSNUP guinea pig antibody did not recapitulate the 
pattern seen with GFP-dSNUP in S2 cells (Figure A.16). There was no 
perceptible decrease in anti-dSNUP signal upon dSNUP knockdown via RNAi in 
S2 cells (Figure A.3 and data not shown), so I suspect that most of the signal 
observed with the dSNUP antibodies is background. It should be noted that the 
dSNUP guinea pig antibody did work at one point in egg chambers (Figure 2.3D), 
but we were unable to reproduce these results several years after these initial 
experiments in egg chambers. This could be due to our inability to reproduce the 
proper experimental conditions or it could be that the antibody went “bad.” 
	   116	  
	  	  
Figure A.1. dSNUP guinea pig antibody recognizes overexpressed GFP-
dSNUP but not endogenous. Western blot of whole cell lysate made from GFP-
tagged –dSMN, dSmB, -dSNUP, or –DNTTIP1 transfected S2 cells. dSNUP 
guinea pig antibody recognizes transfected GFP-dSNUP, but not other GFP-
tagged proteins.  
	  
Figure A.2. S2 cell immunofluorescence with dSNUP guinea pig antibody. 
Immunofluorescence in S2 cells with dSNUP guinea pig antibody does not 
recapitulate the pattern seen with GFP-dSNUP.  
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Figure A.3. S2 cell immunofluorescence with dSNUP rabbit antibody. 
Immunofluorescence in S2 cells with dSNUP rabbit antibody does not 
recapitulate the pattern seen with GFP-dSNUP. No significant change is 
observed in dSNUP signal upon dSNUP knockdown via RNAi. 	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Appendix III 
Anti-dSmB co-immunoprecipitates dSNUP 
Question under investigation 
Does anti-dSmB (Y12) co-immunoprecipitate (IP) dSNUP? 
Rationale 
Previous results show that anti-dSNUP guinea pig antibody can co-IP 
dSmB, so I predicted that anti-dSmB should precipitate dSNUP. 
Materials and Methods 
S2 cell cytoplasmic lysate was prepared (see appendix II) and incubated 
with dSmB (Y12) anti-sDMA (gift from J. Steitz, Yale, New Haven, CT; anti-
mouse; 1 µl) antibody 2 h. at 4°C before being incubated over night at 4°C with 
15 µl protein A beads (Pierce). Bound proteins were washed 5X with 1 mL buffer 
A, eluted with SDS loading buffer, and then run on a 4-12% polyacrylamide gel 
(Invitrogen), and subjected to western blotting (dSNUP rabbit anti-body 1:2000). 
Results and Discussion 
As expected, anti-dSmB was able to co-IP dSNUP (Figure A.4). This result 
confirms the interaction of dSNUP and dSmB, further substantiating that dSNUP 
is indeed the SPN orthologue since it interacts with several snRNP protein 
components. 
  Figure A.4. dSmB antibody co-IPs 
dSNUP from S2 cytoplasmic lysate. 
Anti-dSmB (Y12) was used to co-IP 
dSNUP (anti-rabbit antibody for western 
blot) from cytoplasmic S2 cell lysate.  	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Appendix IV 
Examination of Impβ/Ketel interacting partners 
Question under investigation 
 Does Impβ/Ketel interact with NLS, dSNUP, dSMN, hIBB-dSNUP, or 
hSPN? 
Rationale 
 When we discovered that dSNUP did not appear to have the conserved 
residues of the SPN IBB, we wanted to be sure that dSNUP was not interacting 
with Impβ/Ketel. In order to test the interaction of Impβ/Ketel with other proteins, 
we needed a proper positive control that was able to co-IP Impβ/Ketel in addition 
to our experimental flag-dSNUP construct. Several constructs were tested as 
potentially positive controls including, flag-NLS, flag-hIBB-dSNUP and flag-
hSPN. 
Materials and Methods 
S2 cytoplasmic extracts were generated 4 d. after transfection (see 
appendix II for details). Cytoplasmic fractions were incubated with flag 
conjugated agarose beads (Sigma-Aldrich, St. Louis, MO; 15 µl per IP) for 2 h. at 
4°C. Bound proteins were washed 5X with 1 mL buffer A, eluted with SDS 
loading buffer, and then run on a 4-12% polyacrylamide gel (Invitrogen), and 
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Results and Discussion 
 I found that all predicted Impβ/Ketel interacting proteins (flag-NLS, flag-
hIBB-dSNUP and flag-hSPN) were able to co-IP GFP-Ketel (Figure A.5A and B). 
Importantly, endogenous Impβ/Ketel was also precipitated with flag-hIBB-dSNUP 
and flag-hSPN, but not flag-dSNUP (Figure A.5B). This result corroborates our 
previous finding that Impβ/Ketel is not interacting with snRNPs, and thus, cannot 
be serving as the snRNP import receptor in flies. 
 Surprisingly, I did find that GFP-Ketel comes down with flag-dSMN (Figure 
A.5C). It is important to note that Impβ/Ketel does not appear to interact with 
snRNPs, as it does not bind any other snRNP protein or RNA components 
(Figure 2.4 and Figure A.5). The fact that GFP-dSMN, but not snRNPs interact 
with Impβ/Ketel suggests that the IBB of dSMN is not accessible in the context of 
the SMN complex (see discussion section for further elaboration on this subject). 
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Figure A.5. Impβ/Ketel does not interact with Drosophila snRNPs. Flag 
conjugated beads IP-western blots. (A) Flag tagged –NLS, but not -dSPN co-IP 
GFP-Ketel from transfected S2 cell cytoplasmic lysate. (B) Flag tagged –hIBB-
dSPN and –hSPN, but not -dSPN co-IP endogenous Impβ/Ketel and GFP-Ketel 
from transfected S2 cell cytoplasmic lysate. (C) GFP-Ketel comes down with flag-
tagged –dSMN and –NLS, but not -dSNUP.  
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Appendix VA 
dSNUP in vivo RNAi viability assay 
Question under investigation 
 Is dSnup an essential gene? 
Rationale 
 All previous snRNP import studies have been done in in vitro systems, so 
we do not know if SPN is an essential gene. Although I was not successful in my 
attempts to generate a dSNUP mutant, I did have several dSNUP RNAi lines that 
I could use to test the essentiality of dSNUP for life. 
Materials and Methods 
Oregon-R was used as the wild-type strain. Lines expressing dsRNA for 
RNAi of exon 1 dSNUP were obtained from the National Institute of Genetics 
(Kyoto, Japan; stock numbers 1247R-1 and 1247R-3). A line expressing dsRNA 
for RNAi of exon 3 dSNUP was obtained from the Vienna Drosophila RNAi 
Center (Vienna, Austria; stock number 40997). RNAi lines were crossed to a 
tubulin Gal4 driver line. Flies were allowed to lay embryos for 4 hours. Larvae 
were collected from plates 24 h. after embryo laying and then transferred and 
counted on every subsequent day.  
Larval lysates were made with RIPA buffer (50 mM Tris HCl pH 7.5, 150 
mM NaCl, 1% NP40, 1 mM EDTA) and then run on a 4-12% polyacrylamide gel 
(Invitrogen), and subjected to western blotting [dSNUP (affinity purified anti-
rabbit; 1:3000) and tubulin (Sigma-Aldrich, St. Louis, MO; anti-rabbit; 1:10,000)]. 
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Results and Discussion 
 Recapitulating S2 cell dSNUP knockdown results (Figure 2.2A), in vivo 
dsRNAs targeting either exon 1 or exon 3 of dSNUP (dsRNA Ex1 fly or dsRNA 
Ex3 fly respectively), effectively knock down dSNUP protein levels by western 
blotting (Figure A.6 A and B).  
 
Figure A.6. In vivo RNAi of dSNUP. (A) Cartoon of predicted dSnup locus 
transcripts. Translated regions are shown in black and untranslated regions in 
gray. Black bars indicate dsRNA targets or region of dSPN antibodies. (B) 
Western blot showing both in vivo dSNUP RNAi lines effectively knock down 
dSNUP protein (rabbit dSNUP antibody). 
Under a tubulin Gal4 driver, dsRNA targeting the 3’UTR of dSNUP (Ex3 
RNAi) causes lethality at larval stages, and no animals made it to pupation at 
22°C (Figure A.7). At 22°C, animals expressing dsRNA targeting exon 1 of 
dSNUP survived to pupation, but most died in their pupal cases (Figure A.8). 
Some larval lethality was observed at 29°C for the exon 1 target, and where as 
~30% eclosed at 22°C, <1% elcosed at 29°C (Figure A.8 and A.9). This result 
was expected because Gal4 expression is higher at 29°C, and thus, dSNUP 
knockdown should be greater at higher temperatures.  
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The discrepancy between exon 1 and exon 3 targets and the associated 
developmental stage of lethality may be due to knockdown efficiency differences 
between each dsRNA. On a similar note, DNTTIP1, which is predicted to be 
encoded by the same transcript as dSnup, may be an essential gene. dsRNA 
targeting exon 3 may be more effective at DNTTIP1 knockdown since it is 
targeting the protein coding region of DNTTIP1 rather that the predicted 5’UTR 
(exon 1 dsRNA target).  
 
 
Figure A.7. Viability assay of dSNUP RNAi Ex 3 Target at 22°C. A significant 
wave of larval death occurs at day 3 and 4 post embryo laying. Most larvae die 
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Figure A.8. Viability assay of dSNUP RNAi Ex 1 Target at 22°C. No significant 
lethality is seen by the ex 1 dSNUP dsRNA before pupation, but many die in their 
pupal cases. ~30% eclose as adults. RNAi was driven with tubulin Gal4. n>200. 
 
Figure A.9. Viability assay of dSNUP RNAi Ex 1 Target at 29°C. Some 
lethality is seen before pupation, and nearly all animals expressing ex 1 dSNUP 
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Appendix VB 
dSNUP in vivo RNAi rescue 
Question under investigation 
 Does expression of VFP-dSNUP rescue lethality of dSNUP RNAi lines 
targeting either exon 1 or exon 3? 
Rationale 
 Both exon 1 and exon 3 dsRNA dSNUP targets are lethal in vivo. The 
lethality is unlikely to be an off target effect since both dsRNAs produce the same 
lethal phenotype. The other gene (DNTTIP1) that is predicted to be encoded by 
the dSnup transcript is predicted to also be targeted by the dsRNAs. If DNTTIP1 
is not essential, I would predict that VFP-dSNUP expression should rescue life. 
Materials and Methods 
The dSNUP transgenic construct was cloned into pBI-UASC-mVenus 
(Wang et al, 2012) and sent to BestGene (Chino Hills, CA) for embryo injection 
using the phiC31 system. The transgene was integrated at site 86fB (Bischof et 
al, 2007). The dSNUP Ex3 RNAi flies were recombined with the VFP-dSNUP 
transgenic line. The dSNUP Ex1 RNAi (insertion on Chromosome 2) flies were 
double balanced and put into the VFP-dSNUP background. dsRNA and 
transgene expression were driven with an actin 5C (Act5C) Gal4 driver. Timed 
matings were allowed to proceed for 6 h., and larvae  (n>110) were collected for 
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Results and Discussion 
 Whereas overexpression of VFP-dSNUP had no significant impact on the 
viability of the dSNUP RNAi line targeting exon 3 (data not shown), the 
overexpression of VFP-dSNUP significantly rescues the pupal lethality of dsRNA 
targeting exon 1 of dSNUP. ~98% of the Act5C Gal4 driven dSNUP RNAi 
animals died in their pupal cases, but upon expression of VFP-dSNUP in the 
exon 1 knockdown background, only ~9% died before eclosion (Figure A.10). 
The inability of VFP-dSNUP to rescue exon 3 viability could be attributed to the 
bicistronic nature of the dSNUP gene. The dsRNA targeting exon 3 (3’ UTR of 
dSNUP) also targets the protein coding region of DNTTIP1, and if DNTTIP1 is 
essential for life, overexpression of VFP-dSNUP alone would fail to rescue. The 
fact that the exon 1 target can be rescued with VFP-dSNUP fails to rule out the 
possibility that DNTTIP1 may be essential for life since we do not know if this 
dsRNA is able to knockdown DNTTIP1.  
A possible explanation for why VFP-dSNUP is able to rescue the exon 1 
target, but not exon 3, is that VFP-dSNUP would be targeted by the exon 1 
dsRNAs, and over expression of VFP-dSNUP could overwhelm the RNAi 
efficiency. To test this hypothesis, I did western blotting analysis of the larval 
lysates from Figure A.10. Indeed, I found that endogenous/untagged dSNUP 
protein levels were significantly up when expressing VFP-dSNUP in the RNAi 
background compared to RNAi alone (Figure A.11). This suggests that the RNAi 
mechanism is being inundated by the large quantity of dSNUP mRNA supplied 
by VFP-dSNUP. It is likely that the RNAi machinery cannot compensate for this 
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increase in dSNUP mRNA because I saw increased levels of dSNUP protein. It is 
important to point out that Ex 1 RNAi was able to knockdown both endogenous 
and VFP-dSNUP to some extent because both VFP-dSNUP and endogenous 
dSNUP are reduced compared to VFP-dSNUP alone. 
 
 
Figure A.10. Viability assay of dSNUP RNAi Ex1 and rescue with VFP-
dSNUP. All lines were crossed to Act5C Gal4. Larvae were collected from plates 
and placed into vials. The number of eclosing adults were counted on 
subsequent days. Expression of VFP-dSNUP significantly rescued dSNUP RNAi 
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Figure A.11. VFP-dSNUP swamps out dsRNA targeting Exon 1 of dSNUP. 
An anti-dSNUP (guinea pig) western blot of larval lysates shows that the over 
expression of VFP-dSNUP (Act5C Gal4) in the dSNUP RNAi background 
reduces knockdown efficiency of untagged dSNUP compared to dSNUP RNAi 
without VFP-dSNUP expression.  
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Appendix VI 
RNAi of dSNUP or Msk in egg chambers 
Question under investigation 
 Are snRNA levels affected in the egg chambers upon knock down of 
dSNUP or Msk? 
Rationale 
 The TMG cap is required for U1 and U2 snRNP import in Xenopus 
oocytes (Fischer et al, 1993). If this holds true in flies, I would predict that egg 
chambers lacking dSNUP would show reduced levels of U1 and U2 snRNPs 
because they would not be properly imported and hence, likely degraded. I also 
wanted to examine Msk knockdown in egg chambers because I would predict 
that snRNP levels would decrease since I have shown that Msk mutants display 
snRNP specific defects (Chapter II). 
Materials and Methods 
Oregon-R was used as the wild-type strain. Lines expressing dsRNA for 
RNAi of either exon 1 or exon 3 of dSNUP (see appendix V) or dsRNA for RNAi 
of Msk (Msk 33626; Bloomington, IN; Transgenic RNAi Project, stock number 
33626) were obtained. The WT line and RNAi lines were crossed to a germline 
Gal4 diver, Nanos. 
Ovaries were dissected from adult female flies, RNA was 
Phenol/Chloroform extracted, denatured in formamide loading buffer, and then 
run on a 10% TBE-urea gel (Invitrogen), transferred to a nylon membrane, and 
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probed with 32P-labeled PCR products corresponding to D. melanogaster 
snRNAs (U1, U2, U4, and U5) and tRNA:N5 (load control). 
	  
Results and Discussion 
I was unable to detect any significant change in U snRNA levels from egg 
chambers in any of the RNAi lines examined. I expected to see a reduction in U1 
and U2 snRNAs in dSNUP RNAi lines since we know that in frog oocytes the 
SPN/TMG cap is needed for U1 and U2 import. Not as surprisingly, there was no 
reduction in U4 and U5 snRNAs since U4 and U5 are known to have a less 
stringent SPN/TMG cap requirement. There is more than one U5 isoform, which 
is developmentally regulated, so the apparent change observed in the larger U5 
isoform in dSNUP exon 3 RNAi and Msk RNAi is probably due to egg chamber 
maturity rather than loss of dSNUP or Msk protein (Figure A.12). 
The lack of a discernable snRNA reduction phenotype is likely due to the 
long half-life of U snRNPs. The half-life of snRNPs is considerably long (3-5 day 
half-life); (Sauterer et al, 1988). When taking into consideration oogenesis time 
(~7 days; FlyBase), I would expect approximately half of the snRNA pool to be 
depleted with 100% knockdown of dSNUP or Msk. Therefore, even if dSNUP 
and/or Msk knock down has an affect on snRNP biogenesis and/or import, it 
would be difficult to detect reductions in snRNAs by northern blotting methods 
since, not only is RNAi not 100% effective, but it is difficult to detect reductions 
that are <2 fold by northern blotting. More sensitive methods are likely needed to 
detect the small changes in snRNA levels I would predict from knockdown in the 
egg chamber. All of the RNAi lines in this experiment were able to efficiently 
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knock down protein levels when driven with tubulin or actin 5C Gal4 (Figure A.6B 
and A.11; data not shown for Msk RNAi), so although I did not do a western blot 
of the egg chambers, I predict Nanos Gal4 was also able to drive expression of 
the various dsRNAs to promote knockdown. 
 
 
Figure A.12. U snRNA levels in dSNUP and Msk RNAi egg chambers. Total 
RNA was extracted from the ovaries of Oregon-R (WT) and lines expressing 
dsRNA against exons 1 or 3 of dSNUP (dSNUP Ex1 RNAi or dSNUP Ex3 RNAi 
respectively) or dsRNA against Msk (Msk RNAi) crossed to a germline Gal4 
diver, Nanos.   
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Appendix VIIA 
Analysis of Msk null mutant viability 
Question under investigation 
 When do Msk null mutant larvae die? 
Rationale 
 I had noticed that Msk null mutant larvae do not make it to pupation, and 
that a small fraction survive and persist as larvae for up to 20 days post embryo 
laying. In order to gain a more accurate picture of the percentage of larvae that 
possess this long-lived larval phenotype, I carried out larval viability assays. 
Materials and Methods 
Oregon-R was used as the wild-type strain. The Msk null line contains a 
piggy back insertion in intron 1 of Msk (msk–/–), Msk B185, w1118; PBac{5HPw+} 
mskB185/ TM6 GFP. Flies were allowed to lay for 4 hours. Larvae (n>115) were 
collected from plates 24 hours after embryo laying. Larvae were transferred and 
counted on every subsequent day. 
Results and Discussion 
 There is a significant wave of larval death that occurs between day 4 and 
5 post embryo laying. Larvae that survive until day 6 (~4%) have a long-lived 
larval phenotype, living significantly past 10 days (Figure A.13). These long-lived 
larvae persist at the second instar larval stage for up to 20 days, and did not 
have any identifiable imaginal discs (data not shown). Long-lived larval 
phenotypes are not unusual in Drosophila. 
	   134	  
Viability assays of dSMN mutants demonstrated a remarkably similar 
phenotype, although dSMN mutants have a higher percentage (~30%) of long-
lived larvae versus Msk mutants (~15%), and make it to the third instar stage 
(Praveen et al., 2012). Importantly, dSMN mutants can also live for greater than 
20 days as larvae and do not have imaginal discs (Praveen unpublished). Given 
that Msk null mutants have a significant reduction in dSMN protein, it may be of 
relevance that both dSMN and Msk mutants have similar long-lived phenotypes. 
Future studies will need to be carried out to fully understand the connection 
between dSMN and Msk. 
 
Figure A.13. Viability of Msk185 mutant long-lived larvae. A significant wave of 
larval death occurs at day 4 and 5 post egg laying. Larvae that survive until day 6 
(~4%) have a long-lived larval phenotype, living past 10 days as second instar 
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Appendix VIIB 
Coilin and dSMN reduction in Msk null mutants 
Question under investigation 
 On what day can I detect a significant reduction of dSMN and/or coilin in 
Msk null mutants? 
Rationale 
 My previous work from Chapter II showed that there is a dramatic 
reduction of dSMN (by immunofluorescence and western blotting) in long-lived 
Msk null mutants, which were analyzed on day 6 post embryo laying. Cajal 
bodies detected by anti-coilin were also disrupted in these long-lived Msk 
mutants. I was curious to know how soon after maternal Msk protein loss I could 
detect a reduction in coilin and dSMN by western blotting. 
Materials and Methods 
 Oregon-R was used as the wild-type strain. The Msk null line contains a 
piggy back insertion in intron 1 of Msk (msk–/–), Msk B185, w1118; PBac{5HPw+} 
mskB185/ TM6 GFP. Larvae were collected on subsequent days, and larval 
lysates made with RIPA buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1% NP40, 
1 mM EDTA) and then run on a 4-12% polyacrylamide gel (Invitrogen), and 
subjected to western blotting [dSMN (affinity purified anti-rabbit; 1:2000), Msk 
(gift of L. Perkins; anti-rabbit; 1:2000), Coilin (gift of J. Gall; anti-guinea pig; 
1:2000), and tubulin (Sigma-Aldrich, St. Louis, MO; anti-rabbit; 1:10,000)]. 
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Results and Discussion 
Remarkably, Msk mutants exhibited significant reductions in both dSMN 
and coilin by day 1 post embryo laying (Figure A.14). This was unexpected 
because previous immunofluorescence experiments (not shown) failed to show 
noticeable phenotypic changes in dSMN and coilin staining at such early stages. 
It is possible that the tissues examined by immunofluorescence (mainly gut 
tissues) are not the primary tissues affected by Msk loss of function, and thus 
whole body analysis would be a better method of looking at loss of snRNP 
specific proteins in the Msk null mutants. 
 
Figure A.14. Msk null mutants display a significant reduction in dSMN and 
coilin by day 1 post embryo laying. Whole body larval lysates were subjected 
to western blotting with dSMN and coilin antibodies. Msk and tubulin antibodies 
were used to detect the loss of maternally contributed Msk or for a load control 
respectively. 
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Appendix VIIC 
Investigation of U snRNP levels in Msk mutants 
Question under investigation 
 Can I detect U snRNP reductions in whole body Msk null mutant larvae? 
Rationale 
Msk mutant larvae have dramatically less dSMN by day one post embryo 
(Figure A.14). I would expect this reduction in dSMN to have a negative impact 
on U snRNP levels since dSMN is required for efficient snRNP assembly in vivo. 
I therefore carried out northern blotting on whole larval RNA preps to check for 
possible reductions in snRNAs. 
Materials and Methods 
Oregon-R was used as the wild-type strain. The Msk null line (msk–/–) 
described in appendix VIIA was recombined with Armadillo-Gal4 and crossed to 
UAS-msk for rescue. Previously characterized Ketelnull/– (Villanyi et al, 2008) 
were a gift from Janos Szabad. [The – symbol stands for a small deficiency 
(ketelrx32) that removes Impβ/Ketel and a few of the adjacent loci, while the 
Impβ/Ketel null (ketelrx13) is a complete loss of function mutant allele (Erdelyi et 
al, 1997).] Total larval RNA was Phenol/Chloroform extracted, run on a 10% 
TBE-urea gel (Invitrogen), transferred to a nylon membrane, and probed with 32P-
labeled PCR products corresponding to D. melanogaster snRNAs (U1, U2, U4, 
and U5) and tRNA:N5 (load control). 
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Results and Discussion 
Northern blotting of total RNA from Msk mutant larvae revealed an 
approximate 2-fold reduction in U1 snRNA compared to controls (Figure A.15). 
UAS-Msk driven by armadillo Gal4 sufficiently rescued U1 snRNA levels, and 
there was no detectable reduction in Impβ/Ketel mutants. However, I was 
surprised to only see a reduction in U1 snRNA. Loading of this northern blot was 
not terribly consistent between samples, and thus, it is difficult to accurately 
assess changes by eye. Additionally, the long half-life of snRNPs and the fact 
that northern blotting is not the best method to detect changes in RNA levels 
could account for the apparent unaffected levels of the other snRNAs. More 
sensitive methods may be able to detect the reduction in U snRNAs I would 



















Figure A.15. U1 snRNA is reduced in Msk mutant larvae. Total larval RNA 
was subjected to northern blotting with 32P-labeled PCR products corresponding 
to snRNAs (U1, U2, U4, and U5) and tRNA:N5 (load control). Adjustments to 
brightness/contrast were made in Photoshop for tRNA and U5 snRNA (lower two 
blots).  
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Appendix VIIIA 
Investigation of dSNUP localization 
Question under investigation 
 What is the localization of GFP-dSNUP in S2 cells?  
Rationale 
 Human cell culture models show that hSPN is predominantly cytoplasmic 
(Ospina et al, 2005a); (Narayanan et al, 2002), but my in vivo expression of VFP-
dSNUP revealed a predominantly nucleoplasmic localization pattern. 
Unfortunately, neither dSNUP antibody is good for immunofluorescence (see 
appendix II), so to confirm the VFP-dSNUP localization results, I wanted to check 
the localization pattern GFP-dSNUP in S2 cells. 
Materials and Methods 
S2 cells were transfected with GFP-dSNUP using Cellfectin as directed 
(Invitrogen). Untransfected or transfected cells were harvested 4 days after 
transfection and either fractionated or fixed onto slides.  
Cells were fixed at room temperature for 10 min. in 3.7% 
paraformaldehyde in phosphate-buffered saline (PBS: 135 mM NaCl, 2.5 mM 
KCl, 4.3 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.2), stained with DAPI for 10 
min., washed with PBS and then mounted in anti-fade solution (0.233 g DABCO, 
800 µl water, 200 µl 1 M Tris-HCl pH 8.0, 9 ml glycerol). Images were taken with 
a 40X (numerical aperture [N.A.] 1.25) plan apochromatic objective on a laser-
scanning confocal microscope (SP5; Leica, Exton, PA).  
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S2 cell cytoplasmic lysate was prepared (see appendix II), and the nuclear 
fraction was purified from the pellet remaining after harvesting the cytoplasmic 
fraction. The nuclear pellet was washed several times with phosphate-buffered 
saline (PBS: 135 mM NaCl, 2.5 mM KCl, 4.3 mM Na2HPO4, and 1.5 mM KH2PO4, 
pH 7.2). The pellet was resuspended in ½ the cell volume of low salt buffer C (20 
mM Hepes pH 7.9, 25% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 20 mM NaCl, 
0.5 mM DTT) and homogenized with stir bar at slow speeds while slowly adding 
the same volume of high salt buffer C (20 mM Hepes pH 7.9, 20% glycerol, 0.1 M 
KCl, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT). The cells were homogenized 
for 30 min. at 4°C, spun for 5 min. at max speed, and the nuclear fraction 
harvested from the supernatant. Fractions were then run on a 4-12% 
polyacrylamide gel and subjected to western blotting. 
GFP (Abcam, Cambridge, MA; anti-rabbit, 1:1000), dSNUP (affinity 
purified anti-rabbit; 1:3000), lamin (Developmental studies hybridoma bank, Iowa 
City, Iowa, ADC101, anti-mouse, 1:1000), and tubulin (Sigma-Aldrich, St. Louis, 
MO; anti-mouse; 1:10,000) antibodies were used for western blotting. Secondary 
antibodies used were goat -anti-mouse- and -anti-rabbit-conjugated horseradish 
peroxidase at 1:5000 (Pierce). 
Results and Discussion 
In vivo localization studies from Chapter II revealed that, unlike its human 
counter part, VFP-dSNUP was predominantly nuclear. I found that by 
immunofluorescence, GFP-dSNUP was nucleoplasmic in S2 cells as well (Figure 
A.16A). Surprisingly however, GFP-dSPN and dSPN were enriched in the 
cytoplasmic fraction by western blotting (Figure A.16B and C). This apparent 
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discrepancy in localization could be due to numerous factors involved in lysate 
preparation. It is possible that dSPN could be leaking from the nucleus since it is 
not membrane bound like lamin (nuclear fractionation control), but this seems 
unlikely because GFP-dSmB, which is smaller than GFP-dSNUP, was enriched 
in the nucleoplasmic fraction using the same fractionation method (Figure 3.5).  
Taking into consideration that I loaded based on total protein 
concentration, the ratio of dSNUP to total protein may be greater in the 
cytoplasm versus the nucleus. Assuming that the nuclei contain higher total 
protein concentrations, I would be inaccurately interpreting the results from the 
fractionation western blot since I loaded relative to total protein. I would need to 
normalize to a protein control that is known to be equally distributed between the 
cytoplasm and nucleus to accurately interpret the localization of dSNUP by the 
fractionation based method. Regardless of such issues, immunofluorescence of 
GFP-dSNUP in S2 cells and in fly tissues clearly showed that dSNUP was 
predominantly nucleoplasmic. 
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Figure A.16. dSNUP localization in S2 cells. (A) S2 cell immunofluorescence. 
Transfected GFP-dSNUP is predominantly nucleoplasmic when visualized by IF. 
(B) Western blot of transfected, fractionated S2 cells. Normalized to total protein, 
transfected GFP-dSNUP is enriched in the cytoplasmic fraction compared to the 
nuclear. (C) Western blot of fractionated S2 cells. Normalized to total protein, 
endogenous dSNUP is enriched in the cytoplasmic fraction compared to the 
nuclear fraction.  
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Appendix VIIIB 
Investigation of GFP-dSNUP localization after Msk RNAi 
Question under investigation 
 Is dSNUP localization affected by Msk knockdown via RNAi in S2 cells? 
Rationale 
 Previous results have shown that GFP-dSmB localization is affected upon 
Msk knockdown. GFP-dSmB is a nucleoplasmic protein; accordingly, GFP-dSmB 
is enriched in the nuclear fraction by western blotting and also by 
immunofluorescence. GFP-dSNUP has a more puzzling distribution because it is 
predominantly nucleoplasmic by immunofluorescence, yet enriched in the 
cytoplasmic fraction by western blotting (Figure A.16). Notwithstanding, a change 
in the localization pattern by fractionation could have meaning, so I was 
interested to see if GFP-dSNUP localization was affected by Msk knockdown in 
S2 cells.  
Materials and Methods 
Msk dsRNA was transcribed in vitro from PCR products flanked with T7 
promoters. Drosophila S2 cells were placed in SF-900 media and treated with 
fresh 14 µg/mL double-strand RNA (dsRNA) each day for 4 d. before harvesting. 
Cells were transfected with GFP-dSNUP using Cellfectin as directed (Invitrogen) 
on day 2. Cytoplasmic and nuclear extracts were generated 4 d. after 
transfection and subjected to western blotting (see appendix VIIA for additional 
details). 50 µg of cytoplasmic extract was loaded on a gel for western blotting 
analysis to confirm knockdown (Figure 3.3B). 
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Results and Discussion 
 Confirming the fractionation result seen in Figure A.16, GFP-dSNUP is 
enriched in the cytoplasmic fraction of untreated S2 cells (Figure A.17). Upon 
treatment with dsRNA targeting Msk, GFP-dSNUP appeared to become more 
nuclear than seen in the control nuclear fraction (Figure A.17). Although it is 
difficult to make much of this finding due to the discrepancy in localization pattern 
by various methods, there is a clear change in the nucleocytoplasmic distribution 
of GFP-dSNUP after Msk knockdown. 
We know that in human cells Impβ binding deficient SPN is cytoplasmic 
like wild type hSPN, but when you inhibit export receptor Xpo1 with leptomycin B 
(LMB), SPN accumulates in the nucleus (Ospina et al, 2005a). Since the 
residues needed for Xpo1 and TMG cap binding overlap, hSPN mutants that 
cannot bind Xpo1 and/or TMG caps have a similar nucleoplasmic pattern 
(Ospina et al, 2005a); (Dong et al, 2009b). Since dSNUP does not bind to 
Impβ/Ketel, it is not surprising that by immunofluorescence dSNUP was 
predominantly nuclear like SPN IBB mutants (Ospina et al, 2005a). Importantly, 
immunofluorescence could detect some cytoplasmic dSNUP, and this relatively 
low level of cytoplasmic dSNUP appeared to be enriched by fractionation 
methods. I can use this perceived problem to my advantage because it allows 
me to more closely examine changes in the nuclear dSNUP levels by western 
blotting. A change in cytoplasmic dSNUP is likely of significant importance since 
dSNUP must first bind to snRNPs in the cytoplasm before being imported.  
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There are several possible explanations for the increased nuclear dSNUP 
after Msk knockdown. My previous work has shown that snRNP biogenesis is 
disrupted in Msk mutant flies. Therefore, I would predict that Msk knockdown 
would disrupt snRNP biogenesis. In the absence of ongoing snRNP biogenesis, 
dSNUP would not be needed as an import adaptor and would not need to be 
exported to the cytoplasm to bind snRNPs. Alternatively, if Msk plays a role in the 
disassembly of newly imported snRNPs, then dSNUP would remain bound to 
nucleoplasmic snRNPs, effectively inhibiting dSNUP export since TMG cap 
binding and Xpo1 binding are mutually exclusive (Ospina et al, 2005a); (Dong et 
al, 2009b). 
 
Figure A.17. Transfected GFP-dSNUP nucleoplasmic retention in Msk RNAi 
S2 cells. S2 cells treated with dsRNA targeting Msk showed nucleoplasmic 
retention of transfected GFP-dSNUP compared to the predominantly cytoplasmic 
localization of GFP-dSNUP in control S2 cells (no RNAi). 
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Appendix IX 
A closer look at Msk and coilin localization 
Question under investigation 
 Do I see similar patterns for Msk and coilin staining throughout the cell 
cycle? 
Rationale 
 We know that coilin has distinct localization patterns, which are dictated by 
the cell cycle. My previous results have shown that Msk and coilin co-localize in 
CBs, so I was curious to know if Msk has a similar pattern of localization during 
the cell cycle. 
Materials and Methods 
S2 cells were fixed at room temperature for 10 min. in 3.7% 
paraformaldehyde in phosphate-buffered saline (PBS: 135 mM NaCl, 2.5 mM 
KCl, 4.3 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.2), permeabilized with 1% 
Triton 100x, blocked in PBST (PBS with 0.1% Triton 100x) containing 5% NGS 
(normal goat serum; blocking solution) and then washed with PBST. The primary 
antibody, diluted in PBST, was incubated with the samples overnight at 4°C [Msk 
(gift of L Perkins; anti-rabbit; 1:1000) and Coilin (gift of J. Gall; anti-guinea pig; 
1:1000)]. After being washed with PBST, the secondary antibody, diluted in 
blocking solution, was incubated with the samples 2 h. at room temperature. The 
samples were stained with DAPI, washed with PBST and mounted in anti-fade 
solution (0.233 g DABCO, 800 µl water, 200 µl 1 M Tris-HCl pH 8.0, 9 ml 
glycerol). Images were taken with a 40X (numerical aperture [N.A.] 1.25) plan 
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apochromatic objective on a laser-scanning confocal microscope (SP5; Leica, 
Exton, PA).  
Results and Discussion 
 Confirming previous results (Figure 2.6), I found that coilin and Msk 
colocalize in CBs of S2 cells (Figure A.18 #3), but this was not the only 
localization pattern seen. Msk and coilin also displayed cytoplasmic distribution 
(Figure A.18 #1) and perinuclear distribution (Figure A.18 #2) in some cells. The 
localization of coilin has been well characterized and has been shown to vary 
depending on the cell cycle.  
Coilin distribution during the cell cycle (Liu et al, 2009) 
Interphase- throughout nucleoplasm with multiple bright foci  
Prophase- prominent foci 
Metaphase- foci aligned at metaphase plate (at or near centromeres) 
Anaphase- foci disappear-faint signal throughout spindle 
Late telophase- only in midbody  
Although I did not use distinct cell cycle markers, I was able to see a wide 
range of coilin distribution patterns in S2 cell culture. Msk had similar localization 
patterns as coilin. When coilin was throughout the nucleoplasm (presumably 
during interphase), Msk was also predominantly nucleoplasmic; when coilin was 
in prominent foci (assumed to be a CB during prophase), Msk was also enriched 
in the foci. Additionally, when coilin was observed to be cytoplasmic, Msk was 
also (Figure A.18).  
 The close association of coilin and Msk is demonstrated not only from their 
apparent co-localization patterns during the cell cycle, but from my previous work 
shown in Chapter II. I have shown that Msk mutants have a dramatic reduction in 
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coilin protein and that their CBs are disrupted (Figure A.14 and Figure 2.9 
respectively). These results support a role for Msk in snRNP biogenesis since 
CBs are tightly linked to on going snRNP biogenesis. Future studies will be 
needed to fully understand the apparent association between Msk and coilin and 
why we see such a dramatic impact on coilin protein and CBs in the absence of 
Msk. 
 
Figure A.18. Variations in the localization of Msk and coilin within an S2 cell 
culture system. Cytoplasmic Msk and coilin distribution in the middle cell (#1), 
perinuclear distribution (#2), or one large foci (#3) were observed in addition to 
multiple nucleoplasmic foci (Figure 2.6). 
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Appendix X 
pBI-UASC-mVenus-(hIBB)-dSNUP characterization and Msk mutant rescue 
Question under investigation 
 Does expression of VFP-hIBB-dSNUP rescue Msk mutant snRNP specific 
phenotypes? 
Rationale 
 My previous work has shown that Msk mutants display snRNP specific 
phenotypic defects. Since Msk is known to function as an import adaptor, and fly 
snRNPs fail to bind to Impβ/Ketel, Msk may be serving as the snRNP import 
receptor in flies. In an effort to bypass the Msk dependence of the observed Msk 
mutant snRNP defects, I generated transgenic flies expressing VFP-hIBB-
dSNUP from a UAS promoter (see appendix XIA and B for details). Because I 
had previously shown that hIBB-dSNUP forms a complex with Impβ/Ketel (Figure 
2.4B and Figure A.5B), I hypothesized that its expression could rescue snRNP 
import by utilizing Impβ/Ketel as the SPN/TMG cap dependent snRNP import 
receptor.  
Materials and Methods 
Oregon-R was used as the wild-type strain. A Msk null line containing a 
piggy back insertion in intron 1 of Msk (msk–/–), Msk B185, w1118; 
PBac[5HPw+]mskB185/ TM3, Sb1 Ser1, and a line containing msk with a UAS 
promoter (UAS-msk), w*; P{UAS-msk.L}47M1/CyO, previously characterized 
(Lorenzen et al, 2001), were obtained from the Bloomington Stock Center 
(Bloomington, IN).  
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The dSNUP and hIBB-dSNUP transgenic constructs were cloned into pBI-
UASC-mVenus (Wang et al, 2012) and sent to BestGene (Chino Hills, CA) for 
embryo injection using the phiC31 system. The transgenes were integrated at 
site 86fB (Bischof et al, 2007). The msk–/– flies were recombined with VFP-
dSNUP or VFP-hIBB-dSNUP transgenic lines or with Gal4 drivers (armadillo, 
daughterless, or gut-specific Malpighian tubule drivers). Timed mattings were 
allowed to proceed for 6 h., and larvae were collected for phenotypic analyses on 
subsequent days.  
Results 
Both VFP-dSNUP and VFP-hIBB-dSNUP protein were expressed in the 
WT background, but VFP-hIBB-dSNUP protein was significantly lower than VFP-
dSNUP (Figure A.19). VFP-hIBB-dSNUP may be unstable and degraded or 
protein expression may be down regulated due to the fact that VFP-hIBB-dSNUP 
expression is lethal. Using either a ubiquitous tubulin Gal4 driver or any of the 
various drivers tested, I found that expression of VFP-hIBB-dSNUP was 
dominantly lethal in both WT and Msk mutant backgrounds. All drivers tested 
with the exception of daughterless Gal4 were early first instar lethal.  
Daughterless Gal4 driven VFP-hIBB-dSNUP flies in the WT background 
made it to pupation and died in their pupal cases. Unfortunately, with the 
daughterless driver in the Msk null background, I did not see reproducible rescue 
of snRNP defects by immunofluorescence in Malpighian tubules. It is important to 
note that I also had spotty expression of VFP-hIBB-dSNUP (driven by 
daughterless Gal4) in Malpighian tubules that I did not see with other Gal4 
drivers (data not shown). This poor Malpighian tubules expression may account 
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for the lack of rescue or it could be that VFP-hIBB-dSNUP bound to Impβ/Ketel is 
not import competent. 
It is unlikely that the dominant negative phenotype of the hIBB-dSNUP 
construct is due to VFP-tagging because expression of VFP-dSNUP construct 
had no such dominant effects and was able to rescue dSNUP RNAi (appendix 
VB). The observed dominant lethality of the hIBB-dSNUP fusion protein 
prevented me from fully examining whether I could rescue the apparent snRNP 
import defects seen in Msk null mutants.  
 
Figure A.19. Expression of VFP-dSNUP and VFP-hIBB-dSNUP in vivo. Larval 
expression of VFP-dSNUP and VFP-hIBB-dSNUP driven by daughterless Gal4. 
VFP-hIBB-dSNUP protein is much lower than VFP-dSNUP by western blotting. 
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Appendix XIA 
Drosophila transgenic vector map 
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Figure A.20. Vector map of the Drosophila pBI-UASC-mVenus-G. This 
Drosophila transgenic vector is based on a PhiC31 compatible backbone with a 
miniwhite marker and ampicillin resistance (Groth et al, 2004); (Dietzl et al, 
2007). There are 10 copies of the Gal4 Upstream Activating Sequence (UAS) to 
improve expression levels with a Drosophila synthetic core promoter (DSCP) to 
reduce non-specific tissue expression (Pfeiffer et al, 2008), which together is 
called UASC. Gateway technology facilitates cloning; and attB flanked PCR 
products (hIBB-dSNUP and dSNUP) were ligated into the attR1/attR2 site. The 
inserts are flanked by gypsy insulator elements to increase expression levels and 
reduce insertion site-to-site expression variability (Markstein et al, 2008). 
Adapted from Wang et al., 2012; http://vectors.mccabelab.org. 
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Appendix XIB 
Sequence details for hIBB-dSNUP 
Sequence of dSNUP fused to the IBB of hSPN (hIBB-dSNUP) 
hSPN 1-62 aa (bold), IBB (bold and underline), R27 required for importin-β/Ketel 
binding (bold, underline, highlighted) 









Human SPN 1-186 nt 
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Appendix XIC 
dSNUP, Ketel, and Msk dsRNA target sequences 
T7 sequence shown in italics 
dSNUP forward/reverse primer region shown in bold 








Location: 467-783 nt of CG32997 CDS (Exon 1) 
RNAi Ex1 dSNUP Forward Primer (T7) (61 nt): 
GAATTCGAGCTCGGATCGATTAATACGACTCACTATAGGGGGCTACAGGAA
GTGCAGGAGT  
RNAi Ex1 dSNUP Reverse Primer (T7) (61 nt): 
GAATTCGAGCTCGGATCGATTAATACGACTCACTATAGGGCTTATTAACGG
GCAAGCCAAG 








Location: 1749-2079 nt of CG32297 CDS (Exon 3) 
RNAi Ex 3 dSNUP Forward Primer (T7) (61 nt): 
GAATTCGAGCTCGGATCGATTAATACGACTCACTATAGGGCCAAAACCCTG
CGGCTCTCCT 
RNAi Ex3 dSNUP CG32297 Reverse Primer (T7) (61 nt): 
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GAATTCGAGCTCGGATCGATTAATACGACTCACTATAGGGCCACTCCCTGT
CCTCGCCATC 








Location: 148-465 nt of Ketel CDS 
RNAi Ketel Forward Primer (T7): 
GAATTCGAGCTCGGATCGATTAATACGACTCACTATAGGGCTGGTGAACAC
GGCCAACAGT 













Location: 2069-2461 nt of Msk CDS 
RNAi Msk Forward Primer (T7): 
GAATTCGAGCTCGGATCGATTAATACGACTCACTATAGGGTCGACATTATG
CCTGCTCTGC 
RNAi Msk Reverse Primer (T7): 
GAATTCGAGCTCGGATCGATTAATACGACTCACTATAGGGCGTGAAGCCAC
TGCTTGATAA 




Andrade LE, Chan EK, Raska I, Peebles CL, Roos G, Tan EM (1991) Human 
autoantibody to a novel protein of the nuclear coiled body: immunological 
characterization and cDNA cloning of p80-coilin. The Journal of experimental 
medicine 173: 1407-1419 
 
Baccon J, Pellizzoni L, Rappsilber J, Mann M, Dreyfuss G (2002) Identification 
and characterization of Gemin7, a novel component of the survival of motor 
neuron complex. The Journal of biological chemistry 277: 31957-31962 
 
Baker SE, Lorenzen JA, Miller SW, Bunch TA, Jannuzi AL, Ginsberg MH, 
Perkins LA, Brower DL (2002) Genetic interaction between integrins and 
moleskin, a gene encoding a Drosophila homolog of importin-7. Genetics 162: 
285-296 
 
Bednenko J, Cingolani G, Gerace L (2003) Importin beta contains a COOH-
terminal nucleoporin binding region important for nuclear transport. The Journal 
of cell biology 162: 391-401 
 
Bhardwaj A, Cingolani G (2010) Conformational selection in the recognition of 
the snurportin importin beta binding domain by importin beta. Biochemistry 49: 
5042-5047 
 
Bischof J, Maeda RK, Hediger M, Karch F, Basler K (2007a) An optimized 
transgenesis system for Drosophila using germ-line-specific phiC31 integrases. 
Proceedings of the National Academy of Sciences of the United States of 
America 104: 3312-3317 
 
Bischoff FR, Klebe C, Kretschmer J, Wittinghofer A, Ponstingl H (1994) 
RanGAP1 induces GTPase activity of nuclear Ras-related Ran. Proc. Natl. Acad. 
Sci. U S A. 91: 2587-91  
 
Boisvert FM, Cote J, Boulanger MC, Cleroux P, Bachand F, Autexier C, Richard 
S (2002) Symmetrical dimethylarginine methylation is required for the localization 
of SMN in Cajal bodies and pre-mRNA splicing. The Journal of cell biology 159: 
957-969 
 
Bordonne R, Tarassov I (1996) The yeast SME1 gene encodes the homologue of 
the human E core protein. Gene 176: 111-117 
 
	   159	  
Brahms H, Meheus L, de Brabandere V, Fischer U, Luhrmann R (2001) 
Symmetrical dimethylation of arginine residues in spliceosomal Sm protein B/B' 
and the Sm-like protein LSm4, and their interaction with the SMN protein. Rna 7: 
1531-1542 
 
Brahms H, Raymackers J, Union A, de Keyser F, Meheus L, Luhrmann R (2000) 
The C-terminal RG dipeptide repeats of the spliceosomal Sm proteins D1 and D3 
contain symmetrical dimethylarginines, which form a major B-cell epitope for anti-
Sm autoantibodies. The Journal of biological chemistry 275: 17122-17129 
 
Brand AH, Perrimon N (1993) Targeted gene expression as a means of altering 
cell fates and generating dominant phenotypes. Development 118: 401-415 
 
Buhler D, Raker V, Luhrmann R, Fischer U (1999) Essential role for the tudor 
domain of SMN in spliceosomal U snRNP assembly: implications for spinal 
muscular atrophy. Human molecular genetics 8: 2351-2357 
 
Carissimi C, Baccon J, Straccia M, Chiarella P, Maiolica A, Sawyer A, Rappsilber 
J, Pellizzoni L (2005) Unrip is a component of SMN complexes active in snRNP 
assembly. FEBS letters 579: 2348-2354 
 
Carissimi C, Saieva L, Baccon J, Chiarella P, Maiolica A, Sawyer A, Rappsilber 
J, Pellizzoni L (2006a) Gemin8 is a novel component of the survival motor 
neuron complex and functions in small nuclear ribonucleoprotein assembly. The 
Journal of biological chemistry 281: 8126-8134 
 
Carissimi C, Saieva L, Gabanella F, Pellizzoni L (2006b) Gemin8 is required for 
the architecture and function of the survival motor neuron complex. The Journal 
of biological chemistry 281: 37009-37016 
 
Chang HC, Dimlich DN, Yokokura T, Mukherjee A, Kankel MW, Sen A, Sridhar 
V, Fulga TA, Hart AC, Van Vactor D, Artavanis-Tsakonas S (2008) Modeling 
spinal muscular atrophy in Drosophila. PLoS ONE. 3: e3209 
 
Charroux B, Pellizzoni L, Perkinson RA, Shevchenko A, Mann M, Dreyfuss G 
(1999) Gemin3: A novel DEAD box protein that interacts with SMN, the spinal 
muscular atrophy gene product, and is a component of gems. The Journal of cell 
biology 147: 1181-1194 
 
Charroux B, Pellizzoni L, Perkinson RA, Yong J, Shevchenko A, Mann M, 
Dreyfuss G (2000) Gemin4. A novel component of the SMN complex that is 
found in both gems and nucleoli. The Journal of cell biology 148: 1177-1186 
 
Coovert DD, Le TT, McAndrew PE, Strasswimmer J, Crawford TO, Mendell JR, 
Coulson SE, Androphy EJ, Prior TW, Burghes AH (1997) The survival motor 
	   160	  
neuron protein in spinal muscular atrophy. Human molecular genetics 6: 1205-
1214 
 
Cougot N, van Dijk E, Babajko S, Seraphin B (2004) 'Cap-tabolism'. Trends in 
biochemical sciences 29: 436-444 
 
Darzacq X, Jady BE, Verheggen C, Kiss AM, Bertrand E, Kiss T (2002) Cajal 
body-specific small nuclear RNAs: a novel class of 2'-O-methylation and 
pseudouridylation guide RNAs. The EMBO journal 21: 2746-2756 
 
Deryusheva S, Gall JG (2009) Small Cajal body-specific RNAs of Drosophila 
function in the absence of Cajal bodies. Molecular biology of the cell 20: 5250-
5259 
 
Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, Fellner M, Gasser B, Kinsey 
K, Oppel S, Scheiblauer S, Couto A, Marra V, Keleman K, Dickson BJ (2007) A 
genome-wide transgenic RNAi library for conditional gene inactivation in 
Drosophila. Nature 448: 151-156 
 
Dong X, Biswas A, Chook YM (2009a) Structural basis for assembly and 
disassembly of the CRM1 nuclear export complex. Nature structural & molecular 
biology 16: 558-560 
 
Dong X, Biswas A, Suel KE, Jackson LK, Martinez R, Gu H, Chook YM (2009b) 
Structural basis for leucine-rich nuclear export signal recognition by CRM1. 
Nature 458: 1136-1141 
 
Engelsma D, Bernad R, Calafat J, Fornerod M (2004) Supraphysiological nuclear 
export signals bind CRM1 independently of RanGTP and arrest at Nup358. The 
EMBO journal 23: 3643-3652 
 
Erdelyi M, Mathe E, Szabad J (1997) Genetic and developmental analysis of 
mutant Ketel alleles that identify the Drosophila importin-beta homologue. Acta 
biologica Hungarica 48: 323-338 
 
Fischer U, Darzynkiewicz E, Tahara SM, Dathan NA, Luhrmann R, Mattaj IW 
(1991) Diversity in the signals required for nuclear accumulation of U snRNPs 
and variety in the pathways of nuclear transport. The Journal of cell biology 113: 
705-714 
 
Fischer U, Heinrich J, van Zee K, Fanning E, Luhrmann R (1994) Nuclear 
transport of U1 snRNP in somatic cells: differences in signal requirement 
compared with Xenopus laevis oocytes. The Journal of cell biology 125: 971-980 
 
Fischer U, Luhrmann R (1990) An essential signaling role for the m3G cap in the 
transport of U1 snRNP to the nucleus. Science 249: 786-790 
	   161	  
 
Fischer U, Sumpter V, Sekine M, Satoh T, Luhrmann R (1993) Nucleo-
cytoplasmic transport of U snRNPs: definition of a nuclear location signal in the 
Sm core domain that binds a transport receptor independently of the m3G cap. 
The EMBO journal 12: 573-583 
 
Fox AM, Ciziene D, McLaughlin SH, Stewart M (2011) Electrostatic interactions 
involving the extreme C terminus of nuclear export factor CRM1 modulate its 
affinity for cargo. The Journal of biological chemistry 286: 29325-29335 
 
Freedman ND, Yamamoto KR (2004) Importin 7 and importin alpha/importin beta 
are nuclear import receptors for the glucocorticoid receptor. Molecular biology of 
the cell 15: 2276-2286 
 
Frey MR, Bailey AD, Weiner AM, Matera AG (1999) Association of snRNA genes 
with coiled bodies is mediated by nascent snRNA transcripts. Current biology : 
CB 9: 126-135 
 
Frey MR, Matera AG (1995) Coiled bodies contain U7 small nuclear RNA and 
associate with specific DNA sequences in interphase human cells. Proceedings 
of the National Academy of Sciences of the United States of America 92: 5915-
5919 
 
Frey MR, Matera AG (2001) RNA-mediated interaction of Cajal bodies and U2 
snRNA genes. The Journal of cell biology 154: 499-509 
 
Fried H, Kutay U (2003) Nucleocytoplasmic transport: taking an inventory. 
Cellular and molecular life sciences : CMLS 60: 1659-1688 
 
Friesen WJ, Massenet S, Paushkin S, Wyce A, Dreyfuss G (2001) SMN, the 
product of the spinal muscular atrophy gene, binds preferentially to 
dimethylarginine-containing protein targets. Molecular cell 7: 1111-1117 
 
Friesen WJ, Wyce A, Paushkin S, Abel L, Rappsilber J, Mann M, Dreyfuss G 
(2002) A novel WD repeat protein component of the methylosome binds Sm 
proteins. The Journal of biological chemistry 277: 8243-8247 
 
Gabanella F, Butchbach ME, Saieva L, Carissimi C, Burghes AH, Pellizzoni L 
(2007) Ribonucleoprotein assembly defects correlate with spinal muscular 
atrophy severity and preferentially affect a subset of spliceosomal snRNPs. PloS 
one 2: e921 
 
Girard C, Mouaikel J, Neel H, Bertrand E, Bordonne R (2004) Nuclear 
localization properties of a conserved protuberance in the Sm core complex. 
Experimental cell research 299: 199-208 
 
	   162	  
Golembe TJ, Yong J, Dreyfuss G (2005) Specific sequence features, recognized 
by the SMN complex, identify snRNAs and determine their fate as snRNPs. 
Molecular and cellular biology 25: 10989-11004 
 
Gonsalvez GB, Praveen K, Hicks AJ, Tian L, Matera AG (2008) Sm protein 
methylation is dispensable for snRNP assembly in Drosophila melanogaster. Rna 
14: 878-887 
 
Gonsalvez GB, Rajendra TK, Tian L, Matera AG (2006) The Sm-protein 
methyltransferase, dart5, is essential for germ-cell specification and 
maintenance. Current biology : CB 16: 1077-1089 
 
Gonsalvez GB, Rajendra TK, Wen Y, Praveen K, Matera AG (2010) Sm proteins 
specify germ cell fate by facilitating oskar mRNA localization. Development 137: 
2341-2351 
 
Gonsalvez GB, Tian L, Ospina JK, Boisvert FM, Lamond AI, Matera AG (2007) 
Two distinct arginine methyltransferases are required for biogenesis of Sm-class 
ribonucleoproteins. The Journal of cell biology 178: 733-740 
 
Gorlich D, Dabrowski M, Bischoff FR, Kutay U, Bork P, Hartmann E, Prehn S, 
Izaurralde E (1997) A novel class of RanGTP binding proteins. The Journal of 
cell biology 138: 65-80 
 
Gorlich D, Kutay U (1999) Transport between the cell nucleus and the cytoplasm. 
Annual review of cell and developmental biology 15: 607-660 
 
Grimmler M, Otter S, Peter C, Muller F, Chari A, Fischer U (2005) Unrip, a factor 
implicated in cap-independent translation, associates with the cytosolic SMN 
complex and influences its intracellular localization. Human molecular genetics 
14: 3099-3111 
 
Groth AC, Fish M, Nusse R, Calos MP (2004) Construction of transgenic 
Drosophila by using the site-specific integrase from phage phiC31. Genetics 166: 
1775-1782 
 
Gubitz AK, Mourelatos Z, Abel L, Rappsilber J, Mann M, Dreyfuss G (2002) 
Gemin5, a novel WD repeat protein component of the SMN complex that binds 
Sm proteins. The Journal of biological chemistry 277: 5631-5636 
 
Hamm J, Darzynkiewicz E, Tahara SM, Mattaj IW (1990) The trimethylguanosine 
cap structure of U1 snRNA is a component of a bipartite nuclear targeting signal. 
Cell 62: 569-577 
 
Hamm J, Mattaj IW (1990) Monomethylated cap structures facilitate RNA export 
from the nucleus. Cell 63: 109-118 
	   163	  
 
Hebert MD, Szymczyk PW, Shpargel KB, Matera AG (2001) Coilin forms the 
bridge between Cajal bodies and SMN, the spinal muscular atrophy protein. 
Genes & development 15: 2720-2729 
 
Hernandez N, Weiner AM (1986) Formation of the 3' end of U1 snRNA requires 
compatible snRNA promoter elements. Cell 47: 249-258 
 
Huber J, Cronshagen U, Kadokura M, Marshallsay C, Wada T, Sekine M, 
Luhrmann R (1998) Snurportin1, an m3G-cap-specific nuclear import receptor 
with a novel domain structure. The EMBO journal 17: 4114-4126 
 
Huber J, Dickmanns A, Luhrmann R (2002) The importin-beta binding domain of 
snurportin1 is responsible for the Ran- and energy-independent nuclear import of 
spliceosomal U snRNPs in vitro. The Journal of cell biology 156: 467-479 
 
Izaurralde E, Lewis J, Gamberi C, Jarmolowski A, McGuigan C, Mattaj IW (1995) 
A cap-binding protein complex mediating U snRNA export. Nature 376: 709-712 
 
Jady BE, Darzacq X, Tucker KE, Matera AG, Bertrand E, Kiss T (2003) 
Modification of Sm small nuclear RNAs occurs in the nucleoplasmic Cajal body 
following import from the cytoplasm. The EMBO journal 22: 1878-1888 
 
Jakel S, Albig W, Kutay U, Bischoff FR, Schwamborn K, Doenecke D, Gorlich D 
(1999) The importin beta/importin 7 heterodimer is a functional nuclear import 
receptor for histone H1. The EMBO journal 18: 2411-2423 
 
Jakel S, Gorlich D (1998) Importin beta, transportin, RanBP5 and RanBP7 
mediate nuclear import of ribosomal proteins in mammalian cells. The EMBO 
journal 17: 4491-4502 
 
James BP, Bunch TA, Krishnamoorthy S, Perkins LA, Brower DL (2007) Nuclear 
localization of the ERK MAP kinase mediated by Drosophila alphaPS2betaPS 
integrin and importin-7. Molecular biology of the cell 18: 4190-4199 
 
Jarmolowski A, Mattaj IW (1993) The determinants for Sm protein binding to 
Xenopus U1 and U5 snRNAs are complex and non-identical. The EMBO journal 
12: 223-232 
 
Kleinschmidt AM, Pederson T (1987) Accurate and efficient 3' processing of U2 
small nuclear RNA precursor in a fractionated cytoplasmic extract. Molecular and 
cellular biology 7: 3131-3137 
 
Komonyi O, Schauer T, Papai G, Deak P, Boros IM (2009) A product of the 
bicistronic Drosophila melanogaster gene CG31241, which also encodes a 
	   164	  
trimethylguanosine synthase, plays a role in telomere protection. Journal of cell 
science 122: 769-774 
 
Korfali N, Wilkie GS, Swanson SK, Srsen V, de Las Heras J, Batrakou DG, Malik 
P, Zuleger N, Kerr AR, Florens L, Schirmer EC (2012) The nuclear envelope 
proteome differs notably between tissues. Nucleus 3: 552-564 
 
Kubota T, Maezawa S, Koiwai K, Hayano T, Koiwai O (2007) Identification of 
functional domains in TdIF1 and its inhibitory mechanism for TdT activity. Genes 
to cells : devoted to molecular & cellular mechanisms 12: 941-959 
 
Kuhn-Holsken E, Lenz C, Dickmanns A, Hsiao HH, Richter FM, Kastner B, Ficner 
R, Urlaub H (2010) Mapping the binding site of snurportin 1 on native U1 snRNP 
by cross-linking and mass spectrometry. Nucleic Acids Res 38: 5581-5593 
 
Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viollet L, Benichou B, 
Cruaud C, Millasseau P, Zeviani M, et al. (1995) Identification and 
characterization of a spinal muscular atrophy-determining gene. Cell 80: 155-165 
 
Lefebvre S, Burlet P, Liu Q, Bertrandy S, Clermont O, Munnich A, Dreyfuss G, 
Melki J (1997) Correlation between severity and SMN protein level in spinal 
muscular atrophy. Nature genetics 16: 265-269 
 
Lemm I, Girard C, Kuhn AN, Watkins NJ, Schneider M, Bordonne R, Luhrmann R 
(2006) Ongoing U snRNP biogenesis is required for the integrity of Cajal bodies. 
Molecular biology of the cell 17: 3221-3231 
 
Levine A, Durbin R (2001) A computational scan for U12-dependent introns in 
the human genome sequence. Nucleic acids research 29: 4006-4013 
 
Lippai M, Tirian L, Boros I, Mihaly J, Erdelyi M, Belecz I, Mathe E, Posfai J, Nagy 
A, Udvardy A, Paraskeva E, Gorlich D, Szabad J (2000) The Ketel gene encodes 
a Drosophila homologue of importin-beta. Genetics 156: 1889-1900 
 
Liu J, Hebert MD, Ye Y, Templeton DJ, Kung H, Matera AG (2000) Cell cycle-
dependent localization of the CDK2-cyclin E complex in Cajal (coiled) bodies. 
Journal of cell science 113 ( Pt 9): 1543-1552 
 
Liu JL, Buszczak M, Gall JG (2006a) Nuclear bodies in the Drosophila germinal 
vesicle. Chromosome research : an international journal on the molecular, 
supramolecular and evolutionary aspects of chromosome biology 14: 465-475 
 
Liu JL, Murphy C, Buszczak M, Clatterbuck S, Goodman R, Gall JG (2006b) The 
Drosophila melanogaster Cajal body. The Journal of cell biology 172: 875-884 
 
	   165	  
Liu JL, Gall JG (2007) U bodies are cytoplasmic structures that contain uridine-
rich small nuclear ribonucleoproteins and associate with P bodies. Proceedings 
of the National Academy of Sciences of the United States of America 104: 
11655-11659 
 
Liu JL, Wu Z, Nizami Z, Deryusheva S, Rajendra TK, Beumer KJ, Gao H, Matera 
AG, Carroll D, Gall JG (2009) Coilin is essential for Cajal body organization in 
Drosophila melanogaster. Molecular biology of the cell 20: 1661-1670 
 
Liu ZC, Geisbrecht ER (2011) Moleskin is essential for the formation of the 
myotendinous junction in Drosophila. Developmental biology 359: 176-189 
 
Lorenzen JA, Baker SE, Denhez F, Melnick MB, Brower DL, Perkins LA (2001) 
Nuclear import of activated D-ERK by DIM-7, an importin family member 
encoded by the gene moleskin. Development 128: 1403-1414 
 
Luhrmann R (1990) Functions of U-snRNPs. Molecular biology reports 14: 183-
192 
 
Markstein M, Pitsouli C, Villalta C, Celniker SE, Perrimon N (2008) Exploiting 
position effects and the gypsy retrovirus insulator to engineer precisely 
expressed transgenes. Nature genetics 40: 476-483 
 
Marshallsay C, Luhrmann R (1994) In vitro nuclear import of snRNPs: cytosolic 
factors mediate m3G-cap dependence of U1 and U2 snRNP transport. The 
EMBO journal 13: 222-231 
 
Matera AG (1999) Nuclear bodies: multifaceted subdomains of the interchromatin 
space. Trends in cell biology 9: 302-309 
 
Matera AG, Terns RM, Terns MP (2007) Non-coding RNAs: lessons from the 
small nuclear and small nucleolar RNAs. Nature reviews Molecular cell biology 8: 
209-220 
 
Mattaj IW, Boelens W, Izaurralde E, Jarmolowski A, Kambach C (1993) 
Nucleocytoplasmic transport and snRNP assembly. Molecular biology reports 18: 
79-83 
 
Mattaj IW, De Robertis EM (1985) Nuclear segregation of U2 snRNA requires 
binding of specific snRNP proteins. Cell 40: 111-118 
 
Mattaj IW, Englmeier L (1998) Nucleocytoplasmic transport: the soluble phase. 
Annual review of biochemistry 67: 265-306 
 
	   166	  
Meister G, Eggert C, Buhler D, Brahms H, Kambach C, Fischer U (2001) 
Methylation of Sm proteins by a complex containing PRMT5 and the putative U 
snRNP assembly factor pICln. Current biology : CB 11: 1990-1994 
 
Meister G, Eggert C, Fischer U (2002) SMN-mediated assembly of RNPs: a 
complex story. Trends in cell biology 12: 472-478 
 
Mitrousis G, Olia AS, Walker-Kopp N, Cingolani G (2008) Molecular basis for the 
recognition of snurportin 1 by importin beta. The Journal of biological chemistry 
283: 7877-7884 
 
Miyamoto Y, Hieda M, Harreman MT, Fukumoto M, Saiwaki T, Hodel AE, Corbett 
AH, Yoneda Y (2002) Importin alpha can migrate into the nucleus in an importin 
beta- and Ran-independent manner. The EMBO journal 21: 5833-5842 
 
Monecke T, Guttler T, Neumann P, Dickmanns A, Gorlich D, Ficner R (2009) 
Crystal structure of the nuclear export receptor CRM1 in complex with 
Snurportin1 and RanGTP. Science. 324: 1087-91. 
 
Mouaikel J, Narayanan U, Verheggen C, Matera AG, Bertrand E, Tazi J, 
Bordonne R (2003) Interaction between the small-nuclear-RNA cap 
hypermethylase and the spinal muscular atrophy protein, survival of motor 
neuron. EMBO reports 4: 616-622 
 
Mouaikel J, Verheggen C, Bertrand E, Tazi J, Bordonne R (2002) 
Hypermethylation of the cap structure of both yeast snRNAs and snoRNAs 
requires a conserved methyltransferase that is localized to the nucleolus. 
Molecular cell 9: 891-901 
 
Narayanan U, Achsel T, Luhrmann R, Matera AG (2004) Coupled in vitro import 
of U snRNPs and SMN, the spinal muscular atrophy protein. Molecular cell 16: 
223-234 
 
Narayanan U, Ospina JK, Frey MR, Hebert MD, Matera AG (2002) SMN, the 
spinal muscular atrophy protein, forms a pre-import snRNP complex with 
snurportin1 and importin beta. Human molecular genetics 11: 1785-1795 
 
O'Reilly AJ, Dacks JB, Field MC (2011) Evolution of the karyopherin-beta family 
of nucleocytoplasmic transport factors; ancient origins and continued 
specialization. PloS one 6: e19308 
 
Ogino S, Wilson RB (2004) Spinal muscular atrophy: molecular genetics and 
diagnostics. Expert review of molecular diagnostics 4: 15-29 
 
	   167	  
Ohno M, Segref A, Bachi A, Wilm M, Mattaj IW (2000) PHAX, a mediator of U 
snRNA nuclear export whose activity is regulated by phosphorylation. Cell 101: 
187-198 
 
Ospina JK, Gonsalvez GB, Bednenko J, Darzynkiewicz E, Gerace L, Matera AG 
(2005a) Cross-talk between snurportin1 subdomains. Molecular biology of the 
cell 16: 4660-4671 
 
Ospina JK (2005b) A functional analysis of the small nuclear RNP import 
adaptor, Snurportin1. Dissertation. Case Western Reserve. 
 
Palacios I, Hetzer M, Adam SA, Mattaj IW (1997) Nuclear import of U snRNPs 
requires importin beta. The EMBO journal 16: 6783-6792 
 
Paraskeva E, Izaurralde E, Bischoff FR, Huber J, Kutay U, Hartmann E, 
Luhrmann R, Gorlich D (1999) CRM1-mediated recycling of snurportin 1 to the 
cytoplasm. The Journal of cell biology 145: 255-264 
 
Patel AA, Steitz JA (2003) Splicing double: insights from the second 
spliceosome. Nature reviews Molecular cell biology 4: 960-970 
 
Paushkin S, Gubitz AK, Massenet S, Dreyfuss G (2002) The SMN complex, an 
assemblyosome of ribonucleoproteins. Current opinion in cell biology 14: 305-
312 
 
Pellizzoni L, Baccon J, Rappsilber J, Mann M, Dreyfuss G (2002a) Purification of 
native survival of motor neurons complexes and identification of Gemin6 as a 
novel component. The Journal of biological chemistry 277: 7540-7545 
 
Pellizzoni L, Yong J, Dreyfuss G (2002b) Essential role for the SMN complex in 
the specificity of snRNP assembly. Science 298: 1775-1779 
 
Petosa C, Schoehn G, Askjaer P, Bauer U, Moulin M, Steuerwald U, Soler-Lopez 
M, Baudin F, Mattaj IW, Muller CW (2004) Architecture of CRM1/Exportin1 
suggests how cooperativity is achieved during formation of a nuclear export 
complex. Molecular cell 16: 761-775 
 
Pfeiffer BD, Jenett A, Hammonds AS, Ngo TT, Misra S, Murphy C, Scully A, 
Carlson JW, Wan KH, Laverty TR, Mungall C, Svirskas R, Kadonaga JT, Doe 
CQ, Eisen MB, Celniker SE, Rubin GM (2008) Tools for neuroanatomy and 
neurogenetics in Drosophila. Proceedings of the National Academy of Sciences 
of the United States of America 105: 9715-9720 
 
Philpott A, Krude T, Laskey RA (2000) Nuclear chaperones. Seminars in cell & 
developmental biology 11: 7-14 
 
	   168	  
Praveen K, Wen Y, Matera AG (2012) A Drosophila model of spinal muscular 
atrophy uncouples snRNP biogenesis functions of survival motor neuron from 
locomotion and viability defects. Cell Rep. 1: 624-31. 
 
Rajendra TK, Gonsalvez GB, Walker MP, Shpargel KB, Salz HK, Matera AG 
(2007) A Drosophila melanogaster model of spinal muscular atrophy reveals a 
function for SMN in striated muscle. The Journal of cell biology 176: 831-841 
 
Richard P, Darzacq X, Bertrand E, Jady BE, Verheggen C, Kiss T (2003) A 
common sequence motif determines the Cajal body-specific localization of box 
H/ACA scaRNAs. The EMBO journal 22: 4283-4293 
 
Rollenhagen C, Muhlhausser P, Kutay U, Pante N (2003) Importin beta-
depending nuclear import pathways: role of the adapter proteins in the docking 
and releasing steps. Molecular biology of the cell 14: 2104-2115 
 
Sauterer RA, Feeney RJ, Zieve GW (1988) Cytoplasmic assembly of snRNP 
particles from stored proteins and newly transcribed snRNA's in L929 mouse 
fibroblasts. Experimental cell research 176: 344-359 
 
Seipelt RL, Zheng B, Asuru A, Rymond BC (1999) U1 snRNA is cleaved by 
RNase III and processed through an Sm site-dependent pathway. Nucleic acids 
research 27: 587-595 
 
Selenko P, Sprangers R, Stier G, Buhler D, Fischer U, Sattler M (2001) SMN 
tudor domain structure and its interaction with the Sm proteins. Nature structural 
biology 8: 27-31 
 
Shpargel KB, Matera AG (2005) Gemin proteins are required for efficient 
assembly of Sm-class ribonucleoproteins. Proceedings of the National Academy 
of Sciences of the United States of America 102: 17372-17377 
 
Sleeman JE, Lamond AI (1999) Newly assembled snRNPs associate with coiled 
bodies before speckles, suggesting a nuclear snRNP maturation pathway. 
Current biology : CB 9: 1065-1074 
 
Stoffler D, Fahrenkrog B, Aebi U (1999) The nuclear pore complex: from 
molecular architecture to functional dynamics. Current opinion in cell biology 11: 
391-401 
 
Strasser A, Dickmanns A, Luhrmann R, Ficner R (2005) Structural basis for 
m3G-cap-mediated nuclear import of spliceosomal UsnRNPs by snurportin1. The 
EMBO journal 24: 2235-2243 
 
Suzuki T, Izumi H, Ohno M (2010) Cajal body surveillance of U snRNA export 
complex assembly. The Journal of cell biology 190: 603-612 
	   169	  
 
Tanackovic G, Kramer A (2005) Human splicing factor SF3a, but not SF1, is 
essential for pre-mRNA splicing in vivo. Molecular biology of the cell 16: 1366-
1377 
 
Tarn WY, Steitz JA (1997) Pre-mRNA splicing: the discovery of a new 
spliceosome doubles the challenge. Trends in biochemical sciences 22: 132-137 
 
Tucker KE, Berciano MT, Jacobs EY, LePage DF, Shpargel KB, Rossire JJ, 
Chan EK, Lafarga M, Conlon RA, Matera AG (2001) Residual Cajal bodies in 
coilin knockout mice fail to recruit Sm snRNPs and SMN, the spinal muscular 
atrophy gene product. The Journal of cell biology 154: 293-307 
 
Tucker KE and Matera AG (2005) The Cajal Body; A nuclear gathering place. 
Visions of the cell nucleus, P. Hemmerich and S. Diekmann (eds.), pp. 159-171. 
American Scientific Publishers, Stevenson Ranch, CA. 
 
Verheggen C, Lafontaine DL, Samarsky D, Mouaikel J, Blanchard JM, Bordonne 
R, Bertrand E (2002) Mammalian and yeast U3 snoRNPs are matured in specific 
and related nuclear compartments. The EMBO journal 21: 2736-2745 
 
Villanyi Z, Debec A, Timinszky G, Tirian L, Szabad J (2008) Long persistence of 
importin-beta explains extended survival of cells and zygotes that lack the 
encoding gene. Mechanisms of development 125: 196-206 
 
Wang JW, Beck ES, McCabe BD (2012) A modular toolset for recombination 
transgenesis and neurogenetic analysis of Drosophila. PloS one 7: e42102 
 
Wersig C, Guddat U, Pieler T, Bindereif A (1992) Assembly and nuclear transport 
of the U4 and U4/U6 snRNPs. Experimental cell research 199: 373-377 
 
Will CL, Luhrmann R (2001) Molecular biology. RNP remodeling with DExH/D 
boxes. Science 291: 1916-1917 
 
Wohlwend D, Strasser A, Dickmanns A, Ficner R (2007) Structural basis for 
RanGTP independent entry of spliceosomal U snRNPs into the nucleus. Journal 
of molecular biology 374: 1129-1138 
 
Yong J, Golembe TJ, Battle DJ, Pellizzoni L, Dreyfuss G (2004) snRNAs contain 
specific SMN-binding domains that are essential for snRNP assembly. Molecular 
and cellular biology 24: 2747-2756 
 
Yu YT, Shu MD, Steitz JA (1998) Modifications of U2 snRNA are required for 
snRNP assembly and pre-mRNA splicing. The EMBO journal 17: 5783-5795 
 
	   170	  
Zhao X, Li ZH, Terns RM, Terns MP, Yu YT (2002) An H/ACA guide RNA directs 
U2 pseudouridylation at two different sites in the branchpoint recognition region 
in Xenopus oocytes. Rna 8: 1515-1525 
 
Zieve GW, Sauterer RA (1990) Cell biology of the snRNP particles. Critical 
reviews in biochemistry and molecular biology 25: 1-46 
 
 
 
